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ABSTRACT

Future military needs in propulsicn systems for surface vehicles
are examined in order to provide guidance for Technology Base programs
directed at improved engines, transmissions, thrusters and fuels. It
is observed that there is a physical tendency for power-generating
systems to grow heavier per horsepower as output increases. This

trend runs counter to the requirements of more mobile vehicles which
need more power for less weight. These effects are quantified and it
is shown that the performance demands of .many projected military

surface vehicles severely restrict the propulsion system options that

technology can provide,

The relevant Technology Coorcinating Papers (i.e., the Army Land
Mobility TCP and the Nawy Ocean Vehicles TCP) are used to review
existing Technolog, Base programs. The findings of this study are
reached by comparing the goals of existing programs with the apparent
propulsion system options derived from projected vehicle performance
requirements. A general conclusion is that, because of the severe
impact on propulsion system characteristics of demands for high
mobility, both Services could greatly improve Technology Base program
guidance by more careful definition of future needs.
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SUMMARY AND FINDINGS

This report is prasented in the following three levels of detail:

e A hrief review is provided in this summary section, with
little detail, but covering the main observations.,

e The data and rationale on which the observations are based
are given in the main body of the report.

» The detailed supporting analyses that underlie the rationaie
are presented in a series of Appendices. The Appendices
are intended to give full details so that the reader may
scrutvinize the validity of the results.

SCOPE AND ORGANIZATION (Summary of Section 1)

The basic purpose is to conduct a survey of advanced propulsion
systems for new types of military surface vehicles. The results of
the survey are Lo be used for inputs to the Technology Coordinating
Papers (TCPs) on surface vehicle technology. The survey is intended
to define the state of the art, point out attractive opportunities,

and indicate gaps in the current programs.

The scope may be established by definition of the terms used in
the above paragraph.

e "Propulsion systems" include four elements--energy stora
(fuels), energy conversion (engines), energy transfer
(transmissions), and energy delivery (thrust-rs).

e "Advanced" implies the work funded in the 6.1, 6.2, and 6.3A
program areas.

e "Surface vehicles" means all military land vehicles, ships,

and submarines.




o The TCPs referred to are the Army Land Mobility TCP and the
Navy Ocean Vehicle TCP.

The approach taken is unusual in that it avoids mission analyses
but uses instead projected military vehicle requirements in mobility,
range, and size as a means of defining future propulsion require-
ments. Military needs are reviewed in Section 2, the state of the
art in Sections 3 ard 4, and resulting gaps and opportunities in
Section 5.

MILITARY NEEDS (Summary ci Section 2)

It is showr in the report that Technology Base activities in
propulsion systems are required primarily to satisfy the needs of
combat and close-support vehicles. Other military vehicles can rely
on established technology and on commerci-1 advances or the fore-
seeable future.

In both Services, the trend in combat vehicle development is
toward greater mobility without sacrificing range. An analysis is
made of what this trend means to propulsion technology with these
observations:

e Demands for greater mobility are being met with vehicles
with greater specific power (hp/ton).

® Increasing specific power will tend to shorten range--how
severely depends on the increase in specific resistance.

e TFor weight-limited vehicles, higher mobility demands reduced
specific weight limits on the propulsion system.

e TFor vclume-limited vehicles, nigher mobility demands reduced
specific volume limits on the propulsion system.

e For many high-mobility vehicles, providing adequate range is
a severe problem which places demends on specific fuel
consumption improvements.

e There are physical and cost limits that place upper bounds

on the size of many vehicles.
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Quantitative levels of specific weight, specific volume, and
total power of propulsion systems are established for various mili-
tary needs. These are used in the next section to sort out which
propulsion system components are potentially useful for military
surface vehicles,

TECHNOLOGY POTENTIAL (Summary of Section 3)

It is pointed out at the beginning cf this section that con-
trary to the common "economy of size" assumption, propulsion systems

increase in specific weight and volume as size increases in the power

ranges of military interest. Higher mobility, by demandirg lower
specific weights and volumes, thus tends to restrict propulsion options
as power increases, By sorting through the quantitative values that
bound current and foreseeable technology and comparing these values
with the limits established in Section 2, the following observa-

tions are made:

On Engines

® External combustion engines (nonnuclear) are not suitable ror
high-performance land vehicles or for high-speed (>.{J knots)
cea vehicles.,

® For high-performance land vehicles, the options are diesel or
gas-turbine engines. Spark ignition or rotary engines could
qualify for land vehicles on a weight and volume basis, but
are not developed in the sizes needed.

® For ocean-going high-speed vehicles, the only current option
is the gas turbine.

¢ For coastal high-speed sea vehicles, the gas turbine is the
preferred choice by weight and volume, though other internal
combustion engines can be used.

e For long-range sea vehicles, nuclear propulsion offers great
advantages. At current weight and volume limits, however, it
can only be used for fleet submarines and for Navy comkat

ships over 15,000 tons without degrading performance.

STH
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Transmissions

On

Current mechanical/hydraulic transmission technology can meet
weight and volume requirements for both land and sea high-
performance vehicles. At the power levels required for sea
vehicles, however, the technology has not been reduced to
practice.

Electric power transmission can offer advantages in land
vehicles where multipoint power distribution is needed. Both
cost and reliability have been obstacles. hut rew technology
is in sight which could remove those blocks.

Where large amounts cf power must be distributed in difficult
geometrical situations in sea vehicles, superconducting
electric power transmission is attractive. For high-performance
vehicles, specific weight limits may favor the ac over the dc
approach.

Thrusters

AP o o

The track is the preferred high-mobility land wvehicle thruster
for severe terrain and is unlikely to be displeced.

The wheel has considerably less tractive ability than the
track, but is much lighter. All-wheel drive ond articulation
can improve the traction of a wheeled vehicle to where it

can compete with the track in high-mobility applications,
except for heavy payloads in severe terrain.

For high-speed ships, the best thruster options are the

supercavitating propellor or the waterjet

Fuels

The recently changed petroleum supply situation requires a
change from the trend to dewvelop specialty fuels to the
development of more universally useful petroleum fuels and
possible alternative fuels.

Petroleum fuels are uniquely suited to the needs of high-
performance vehicles and are the only choice among chemical
fuels for volume-limited vehicles where range is important.

4

Tl
FA—




e Major further reductions in specific fuel consumption for
engines of interest are not to be expected.

e For weight-limited vehicles, liquid hydrogen is a possible
alternative fuel. If the vehicle is also range-limited,
liquid hydrogen can give improved performance.

e For any long-range, high-performance venhicle, the ultimate
solation to fuel problems is nuclear propulsion. Developed
nuclear systems are heavy but can e used in large ships and
submarines where high specific weights are acceptable. Light-
weight nuclear power is conceptually feasible {see Appendix G),
but has not been developed to acceptable safety, reliability,
and maintainability standards for military use.

TECHNOLOGY BASE PROGRAMS (Summary of Section 4)

Land Vehicles

Technology Base programs for propulsion of land vehicles are
described in three documents

e The Land Mobility TCP
e The TACOM 20-year Propulsion Systems Plan
e The AMC Long-Range Fuels Program.

The Land Mobility TCP establishes a set of priority programs

which center on the establishment of a mobility evaluation methodology
and exploratory development of high-mobility wvehicles. The level of
funding indicated for propulsion system Technology Base programs for
FY 74 ics approximately

Power plants $3.0 Million
Transmissions and line of drive $0.5 Million
Suspensions and running gz2ar $2.1 Million
Fuels, lubricants, and chemicals $1.8 Mitlion
Controls and diagnostics $0.5 Million
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The TACOM 20-year Propulsion Systems Plan for Combat Vehicles is

based on developing propulsion system components in advance of defini-

tive vehicle needs. The elements of the program include

Advanced diesel technology

Advanced turbine technology

1000-hp stratified charge engine

Rankine and Stirling engine technology
Electric-powered wvehicles

Advanced transmission technology
Improved air filters and heat exchangers

Systems integration technology

This program appears to be more diverse than is needed to meet

foreseeable needs or to fit within the projected budget.

The AMC Long-Range Fuels Program provides guidance for Army

power plant R&D and establishes a fuels R&D program. The guidance for

power plant R&D is basically to emphasize multifuel use capabilities

on all combat-zone engines immediately. For the longer term, ability

to use hydrogen should be developed. The Fuels R&D Program itself

is revisad to transfer emphasis from quality control to availability.

Sea Vehicles

Technology Base programs for propulsion of sea vehicles are

included in two documents

The Ocean Vehicles TCP
The Nonnuclear Propulsion Systems R&D Program

In addition, observations are made on the nuclear propulsion program

but are not based on any document.

The Ocean Vehicles TCP shows a major emphasis on high-speed

oceangoing ships with the immediate priority a 2000-ton SES. The

funding that is shown includes all the 6.3 program area and hence

includes both Technology Base and Technology Application programs.

Over the six-yzar period coveved (FY 73-FY 78), the tc*al funding

breaks down as follows:

o en ot it D e it e .
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Conventional ships $ 93 Million

Crafts and boats $ 39 Million
Hydrofoil ships $138 Million
Surface effects ships $448 Million
Air-cushion vehicles $ 95 Million
Multihull ships $ 46 Million
Submarines $ 80 Million
Submersibles $ 48 Million
Towed and tethered vehicles $ 17 Million

The development of unconventional, high-speed, oceangoing ships
appears to be a high-risk venture in terms of propulsion system

requiremerts.

The Nonnuclear Propulsion Systems R&D Program for Navy Ships

proposes a program to develop propulsion system components indepen-
dent of 6.4 area vehicle demands. The proposition is the same as the
TACOM 20-year Engine Plan, i.e., to predevelop propulsion system
components in advance of definitive vehicle needs. The program

includes:

Development of a family of gas turbine propulsion systems
Automatic steam plant controls
Lower weight transmissions

Improvement of waterjet propulsors

Design criteria for high-speed propellors

Automatic propulsion control and diagnostic systems

A ship for test and engineering of propulsion systems

This program includes both Technology Base and Technology Ap-
plications areas. In terms of "predeveloping" propulsion system hard-
ware, only the gas-turbine marinization and the superconducting

transmission programs were funded prior to FY 75.

The Nuclear Propulsion R&D Programs have been directed at in-
creased core life and improved reliability and maintainability.
Techniques for reducing size and weight exist, but run counter to the
stated goals and have not been pursued.

7
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ISSUES AND FINDINGS (Summary of Section 5)

Land and sea wvehicles can be treated separately since there is
virtually no overlap in their demands con propulsion systems. There
are two reasons

® The vast difference in size between land and sea vehicles

® The much greater endurance demanded of sea vehicles

Land Vehicles

Issue: Dependence on Commercial Technology

Finding: The push toward higher power is separating the Army
from its traditional commercially supported Technology Base.
Increasing emphasis and expenditures in DOD Technology Base
activities will Le needed to support this move. Current lewvels
of funding (Section 4) seem inadequate when compared to aircraft
propulsion R&D expenditures.

Issue:. Engine Types

Finding: There is a critical need to define future land vehicle
requirements in installed power more closely in order to formu-
late a rational Technology Base engine program. A major
deficiency in the current program is that the already meager
resources are split between supporting high-powered diesels and
equivalently powered gas turbines. A decision to go one way or
the other would help alleviate this problem. A corollary finding
is that in the 200- to 2000-hp range Technology Base activities

related to engines other than diesels nr turbines are not neaded.

Issue: Conventional vs. Electric Transmissions

Finding: Tn FY 75 the Army has dropped all electric transmis-
sion projects after a steadily decreasing yearly allocation for
many years. There is a need to continue scre Technology Base
activity in this area, at least to monitor the rapidly changing
technology in solid-state devices (see Section 3) and as long as
articulated, wheeled vehicles are of possible interest.




Issue: Wheel vs., Track as High-Mobility Thrusters

Finding: The wheel and the track will continue to be the pre-
ferred thrusters for Army vehicles. However, there is an urgent
need £5:- more careful and exact terrain operating specifications
for off-rnad vehicles since it is these specifications and not
vehicle design details which determine whether the track or
wheel is to be used. Ps the specified terrain conditions become
more 3evere the track becomes mandatory (see Appendix E). On
the other hand, the articulated wheeled wvehicle can provide
greater agility and speed under less severe conditions. Corvrec:
specifications ar2 thus of cricical importance.

Issue: Definitica of Mobility Limits

Finding: Mobility modelling and analysis are not providing
adequate data on mobility limits, and such data are needed to
guide Technology Base activities. A combined experimertal-

analysis program with the following goals is apparently needed:

® Determine if agiiity rather than speed is the power-
determining factor (as suggested in Appendix E).

e Find what levels of agility/speed give attractive pay-
offs in reduced wvulnerability (i.e., quantify the type
of study done in the HELAST project).

® Determine agility/speed effects on offensive capabilities
and needs.

e Assess, for practical scenarios, what terrain limita-
tions there are on the use of power (extension of
Appendix E).

This program would require building and testing purely experi-
mental vehicles in order to extend and validate the mobility and
design models. The results could then be used to establish
specific power and thruster specificetions for evaluating con-

ceptual vehicle designs and for guidance of Technology liase

programs.
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Issue: The Family Concept for Coinponents

Finding: There is need to study the conditions under which the

family concept in engines, transmissions, and running gear would
be useful. Certainly it would seem necessary to have the results
of the mobility study suggested above before reasonable family
ranges could be determined. Other factors would be the projected
total demand for each family member and an assessment of the risk

of obsolescence through application of new technology at a later
date.

Sea Vehicles

Issue: Emphasis on High-Speed Ships

Finding: The demand for high-speed oceangoing ships could not be
met until recently because propulsion systems were too heavy
(Section 3, and Appendix F). The marinized second-generation
aircraft gas turbines (e.g., the LM 2500) has changed this
picture in recent years. Since then, virtually all nonnuclear
Technology Base activities in propulsion systems for sea vehicles
have become directed at high-speed ships (Section 4).

Issue: Development of a Family of Marinized Gas Turbine Engines

Finding: In view of the low demand situation for marine gas
turbines, a careful study should be made of the cost-effectiveness
of predeveloping a family of engines. A corollary finding is

that there is no perceived need for gas turbines over 40,000 hp
(see Section 2, Size Limits).

Issue: Nuclear Propulsion as a Solution to the Range Problem

Finding: A reduction in weight by a factor of two would make
nuclear propulsion clearly superior to gas turbines for escorts
of DD 963 type. A reduction of weight by a factor of 8 to 10
would make nuclear propulsion feasible for high-speed ships of
the SES 2700 type. Such weight reductions are technically

feasible and undoubtedly will appear in time in commercial use

10
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(Appendix G). A directed Technology Base program could reduce
the time to reach lightweight nuclear propulsion systems by a
big factor.

Issue: High-power Lightweight Transmission Systems

Finding: 1In general, lightweight transmission systems for high-
speed ships require higher rotational speeds, more gearing, and
different types of gears than have been used traditionally in the
Navy. This technology is available at 4000 hp in helicopters

and has been extended to 25,000 hp in design studies (for example,
in the SES 2000 designs). Technology Base attention should be
directed to applying this technology at the power levels required
for havy applications (up to 40,060 hp).

In pursuing the development of superconducting transmissions,
the trade-off between ac and dc systems at the high-power levels
required should be examined more carefully. It is possible dc

systens may become too heavy as power level is scaled up.

Issue: High-Speed Thrusters

Finding: High-speed ships need supercavitating propellers or
waterjet thrusters. both these devices are receiving adequate
atcention in Technology Bese activities (Section 4). The rela-
tively low efficiency of waterjets (~50 percent) is important
because gas-turbine-powered, hign-speed ships are range-limited
(Section 2, and Appendix C). In the future, lightweight nuclear
power could make this deficiency less Important. |

Issue: Military Usefulness of Petroleum-rueled High-Speed Escorts

Finding: High-speed petroleum-fueled escorts will require
frequent refueling. The effect of this limitation on possible
missions should be evaluated, but it appears likely that ocean-
going high-speed ships will not become practicd«l Navy vessels
until lightweight nuclear power is available in the indefinite
future, or until hydrogen is accepted as an operactional fuel,
If so, then major changes in Technology Base emphasis are in

order.
11
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Preceding page blank

.5

A

A RN AR S S50 2K



Pt
[ T

[ et
s ok

—t = i

1. ECOPE AND ORGANIZATION OF SURVEY

1.1 Purpose

This study was conducted at the request of DDREE, Research and
Advanced Technology Division, under Task Order 102 (Appendix A).
Mr. Robert Zeim was *the DDREE point of contact and has provided a
great deal of help and counsel in assembling the information presented
in this report.

Technology Coordinating Papers (TCPs) are relativeiy new; those
on Surface vVehicle Technology with which this study is concerned are
the first produced in this area of technology. It was recognized
initiaily that each TCP would have to be updated and revised at
intervals to be useful on a continuing basis. The intent of the Task
Order was to provide an independent survey of the avea of technology
which could provide additional inputs to the TCPs as they came up for
review and revision.

The purpose was stated definitively in the Task Order as follows:

",.. to conduct a survey of advanced propulsion
systems for new types of land vehicles, ships
and submarines. This survey will be used to
provide inputs to the TCPs on surface vehicle
technology and on topics relating to advanced
propulsion and power systems, It will define
the current state of the art, point out attr~c-
tive opportunities and indicate gaps in the
existing program. A study of the feasibility
and military utility of light weight, wheeled
air cushion vehicles will be completed. Pro-
pulsion and power systems analysis for small
submarines will be completed."

This report concerns itself with the general survey that is
requested. The specific studies on lightweight air-cushioned vehicles
(ACV) and small submarines are the subject of separafe reports that

are in preparation.
1.2 Scope

The overall scope of the survey can be outlined by defining the
specific meaning of the terms used above in stating the purpose.

15 Preceding page blank
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What is meant by "propulsion systems"? R propulsion system is

taken to consist of four basic components--fuel, engine,
transmission, and thruster. It is the complete system that
provides the vehicle with the ability to move. It is not

taken to include maneuvering control systems such as steering
devices, but it does include control systems for the propulsion
system itself. Since propulsion control systems do not con-
tribute significantly to weight and volume requirements, they
are not included as a separate basic component.

What is the significance of "advanced"? This refers to

Technology Base R&D work which seeks to make advances in
technology but is not directed to a specific vehicle that is
in engineering development. The RDT&E program area {(Program
6) can be conveniently divided into two types of activities--
those which are directed at answering a specified military
need with new equipment (Technology Applications) and those
which are directed at improving technology for some later
application {Technology Base). Technology Base activities
are funded under program areas 6.) kesearch, 6.2 Exploratory
Development and partly in 6.3 Advanced Development while
Technology Applications fall under 6.6 Operational Systems
Development, 6.4 Engineerinrng Development and partly in 6.3
Advanced Development. Because of the overlap in the 6.3
area, it has become common to designate it in two parts,

6.38 for Technology Base projects and 6.3E for Technology
Applications projects. It is someuvimes difficult, without
detailed investigation, to determine on which side of the line
6.3 projects belong. Where any such ambiguity is recognized
in this study, it will be pointed out.

What is the purpose of the TCPs? The specific TCPs referred

to in the Task Order are:
"Land Mobility Technology Coordinating Paper," 1 Novewoer
1973, prepared by the Army.

16
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"Technology Ccordinating Paper--Ocean Vehicles," 1 June 1973,
prepared by the Navy.
The Air Force dic not participate in either of these TCPs

because of its minor interest in surface venicles.

The objectives of a TCP are set forth in a DDRLE memorandum,

"Background and Gerieral Guidance on TCPs" (Ref. 1), which states that
"The TCP is intended to define:

Areas of scientific endeavor and specific engineering advances
needed to meet future military requirements and tc solve cur-
rent problenms,

The programs underway or planned by each Service to fill

these needs.

The important gaps in the technology, if any, which exist at
presently projected funding levels.

The ways in which the technology area zan be strengthened--
these are in the form of recommendations from the 'field' for

consideration by management."

Major purposes of the TCP are thus to relate R&D programs to

military needs, to expose any gaps, and to recommend ways to strengthen

the programs.

To accomplish these purpcses, a format is established in the same

memorandum. The information in TCPs is to include:
1.
2.
)
4
S
6.
7.

Current program

Military requirements for new technology
Current priorities

Cost of current program

Significant unfunded areas
Recommendations for program improvements

General observations

What types of propulsion systems are to be considered? The

survey will cover any type of advanced propulsion system

suitable for current or future military surface wvehicles.

17
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Specifically, in addition to conventional land and sea vehicles,
it will include the propulsion requirements of such advanced
concepts as hydrofoil ships, surface-effects ships, air-
cushion vehicles, high-mobility articulated land vehicles,

etc. Throughout this report the term "surface vehicles"™ will

be used to inc'ude all these vehicles of interest.
1.3 Approach

The basis of the approach taken in this survey is unusual in that
it avoids mission analyses but uses instead general military vehicle
re -“irements in mobility, range, payload (size), and cost as *the means
of defining future propulsion requirements. Such an approach is
satisfactory for Technology hase guidance though it would not serve
for Techiiology Applications work.

The steps taken in following this approach with references toc the

appropriate subsections of this report are as follows:

1. Reduce the broad field of coverage defined above to manageable
size by sorting out which areas can rely on established tech-
nology and which will need improved technology (Section 2.1).

2., Reduce military vehicle requirements in mobility (Section 2.2),
range (Section 2.3), and size (Section 2.4), to equivalent
propulsion system specifications in total power, weight, and
volume (Section 2.5).

3. Examine the potential of various propulsion system componernts
to meet the specifications established in Section 2.

Combustion Engines (Section 3.2)
Nuclear Engines (Section 3.3)
Transmissions (Section 3.4)
Thrusters (Section 3.5)

Fuels (Section 3.6)

4. Survey current and planned military Technology Base programs

in propulsion systems.

18
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Land Vehicles (Section 4.1)
Sea Vehicles (Section 4.2)

Relate the srecificaticns (Section 2), the potential (Section
3), and the programs (Section 4), to define gaps and op-
portunities and to examine military alternatives in propulsion

systems.

Land Vehicles (Section 5.1)
Sea Vehicles (Secticn 5.2)

19
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2. MILITARY NEEDS

2.1 Vehicles Requiring Advanced Propulsion Systems

From the point of view of the demands placed on the propulsion
system, it is convenient to consider three classes of military

vehicles:

e High-Performance Vehicles - includes all combat and close

support vehicles where the prime need is for performance in
terms of speed and range under all kirds of terrain conditions.

¢ Transport Vehicles - includes all noncombatant transports where

the prime need is efficient cargo-carrying capability.

e Special-Purpose Vehicles - includes all combatant and non-

combatant vehicles where the prime need is some special
function which overrides both high-performance and transport

efficiency considerations.

This classification permits a sorting out of mititary propulsion system
needs which greatly simplifies the task of this report. 1In the fol-
lowing paragraphs this sorting process is undertaken and the results

are summarized in Table 2-1.

High-performance vehicles, as a class, place the createst demands
on propulsion systems. There is a constant demand for improved per-
formance in combat vehicles and the prime limitation in meeting this
demand is the capability of the propulsion systems. The best known
military vehicles are in this class, e.g., tanks, aircraft carriers,
destroyers, armored personnel carriers, etc. Because these are
strictly military vehicles, and because they are pushing the state of
the art in vehicle design, the propulsion systems for them must be

provided from DOD research and development wWork.
r "
In transport vehicles, military needs are the same as commercial

needs. The goal of each is to move given payloads in a time-and-
cost-effective manner over given distances. Commercial transport
capabilities in surface vehicles have advanced significantly in

recent years. As a result, both the Army and the Navy are, as &

,; Preceding page blank
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matter of policy, relying more and more con commercially developed
vehicles to satisfy their transport needs. The Army some years ago
adopted the policy of using commercial truck engines, and more
recently, as a result of the Wheels study (Ref. 2), has begun using
complete commercial vehicles. The Navy is similarly expecting to use
commercial cargo ships to rebuild its aging transport fleet. Further-
more, the Navy is relying on the Maritime Administration to develop

the technology needed to improve ocean transport (Ref. 3).

TABLE 2-1. CLASSES OF MILITARY VEHICLES AS DEFINED FOR
THIS STUDY

Class Prime Specification Military Development Commercial Sources

High-Performance High speed/range in Land: Tanks, Armored
adverse terrain con- Carriers, High mo-
ditions (i.¢., rough bility support trucks
seas, off-road)

(No equivalent)

Sea: Carriers, Escorts,
Subuarines, Coastal
Patrol Vessels

Transport Optimize payload- (Can use commercial Land: Medium- and
carrying ability sources) low-mobility trucks
with respect to
time/cost Sea: Carao ships,

Tankers

Special-Purpose Optimize compati- Land: Bridging Vehicles, Land: Construction

bility with a
special payload

Mine Clearing Vehicles,
Air-transportable Con-
struction Vehicles

Sea: Beach Landing
vehicles, Underway Re-

equipment

Sea: Tugs, Floating
Craaes, Drydncks

supply Vehicles, Deep-
Submergence Veh<~les

The situation with regard to speci:zl-purpose vehicles is mixed.
Some types can be directly supplied from commercial sources and some
need development. For example, bulldozers, graders, cranes, etc. for
construction work; and tugs, floating cranes, drydocks, etc. for ship
handling and repair can all be commercial equipment; on the other
hand, each Service has special needs which have no equivalence in

civilien life. The Army ra2quires special combat-support vehicles
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for such purposes as bridging, mine clearing, close-support construc-
tion, etc. Similarly, the Navy needs the ability to resupply combat
ships at sea, vehicles for landing supplies at unprepared beaches,
search and rescue deep-submergence wvehicles, etc., It is characteris-
tic of special-purpose vehicles that their design is optimized around
one particular function. Many are not required in great numbers, and
for this reason would not warrant development of a special advanced
propulsion system. Even if that is not the case, the complications
associated with such vehicles stem from the fact that they must per-
form specialized tasks; hence, the usual design decision is to use

a proven propulsion system to satisfy both cost and reliability

requirements.

The conclusion to be drawn from this discussion is that propul-
sion system characteristics are the pacing item from the military view-
point only in the development of high-performance vehicles. We should
expect that military Technology Base activities in propulsion systems
would therefore be largely directed at improving military combat and
close combat-support capabilities, and that is where the bulk of our
attention in this report will be directed. The needs for transport
and special-purpose vehicles will not be discussed in a general way

but only as they apply in a few special cases.

2.2 Mobility

Both Army and Navy have adopted mobility as a prime requirement
of all advanced combat vehicle developments. Intuitively, it is
clear that warfare has been moving to greater and greater mobility in
modern times. The "armored fortress" concept of the battleship has
been discarded for some time, and there are indications that the
heavily armed, heavily armored tank may become obsolete (Ref. 4).
It is not the intent of this survey to argue the merits of the decision
to seek mobility. What will be done here is to determine the implica-

tions of increased mobility on future propulsion systems reeds.

To interpret the mobility requirement it must be defined more

closely. In the Army program to develop an analytical methodology

25
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for assessing vehicle mobility (Ref. 5), "Mobility" is defined as

"a measure of the vehicle's capability to maneuver, reflecting both
the vehicle's ability to negotiate difficult terrain and the speed it
can sustain over negotiable terrain." There is a natural division

in this definition:

1. Agility--i.e., the ability to maneuver in the immediate
local terrain which requires turning capability, quick
acceleration/deceleration, and the ability to negotiate
obstacles, In combat vehicles, agility is of major concern
to the vehicle commander in achieving combat effectiveness.

2. Transport speed--i.e., the ability to sustain speed over

specified terrain. Transport speed is of major concern to

the battle commander in deploying his forces effectively.

Most important, mobility must be maximized in off-the-road situa-
tions cn land and in rough seas on the ocean. A "Super-Highway Army"
and a "Fair-Weather Navy" have limited usefulness. The limiting
design condition for combat mobility of ocean vehicles is generally
to maximize the top speed under adverse specified "resistance" condi-
tions (i.e., rough seas). In land vehicles, the limiting design
condition is usually to meet combined speed and slope-climbing
specifications. In Appendices C, D, and E, these design limits are
considered in detail and it is shown that a basic measure of mobility
is motive power per unit weight or specific power (generally expressed
in units of hp/ton).

Considerable variation in mobility can be caused by the different
thrust devices that may be used to turn the available power into a
driving force. For example, the differences between tracked and
wheeled land vehicles, or between propelier-driven and waterjet-
propelled ships are obvious. Nevertheless, in a given situation, the
vehicle with the greater specific power has the greater potential
mobility. Mobility increases as power is increased until a point is
recched where thruster efficiency drops so rapidly that additional

power cannot be utilized effectively.
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A feeling for the relationship between specific power and mobility
can be obtained by looking at the range of familiar vehicles shown in
Table 2-2,
TABLE 2-2. SPECIFIC POWER OF COMMON VEHICLES
Approximate Specific
Vehicle Power in hp/ton
LAND
b Freight Train 1
& Long Distance Truck 10
Py Family Car 75
i Sports Car 150
Racing Car 300
Large Tanker 0.1
g} Freighter
Fishiny Boat 10
;E Speed Boat 80
Racing Boat 200
il AIR
Light Airplane 80
ié Commercial Jet Aircraft 300
= Helicopter 400
17 Fighter Aircraft 1,000
H
P The specific power of the military vehicles of interest here are
¥ shown in Figs. 2.1 and 2.2. The data have come from a number of sourceé
- and are tabulated in Appendix B. Figure 2.1 shows installed power per
unit weight for Army vehicles and is simply illustrative of the
- levels of specific power that high-performance Army vehicles are using
% and are projected to use., In actuality the delivered thrust power is
- a jagged curve varying with velocity, slope (or acceleration) and
-
: 27
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ground conditions (see Appendix E). The peak of this curve, together
with the combined transmission-thruster efficiency (nxt), will determine
the required l=svel of installed power. Without this detail relative
performance can be judged from Fig. 2.1. For example, the XM-1 will
climb a given slope at a little less than twice the speed of the M-60.

Similarly, Fig. 2.2 shows installed power per unit weight® for
Navy ships. The trend to higher specific powers is even more evident
here than for land vehicles. The reason is obvious--on land power is
nearly proportioral to velocity while at sea power varies at least as
velocity cubed.

The level of specific power establishes one limit on the propulsion
system in the following way. Overall design considerations constrain
what percentage of the total vehicle weight can be assigned to the

propulsion system (see Appendix C). Once this percentage is established,

the specific power of the vehicle and the specific weight of the pro-
pulsion system are inversely proportional, as shown in Fig. 2.3. The
observation to be made from this plot is that military demands for

higher hp/ton place quite resirictive demands on the specific weight
of the propulsion system. This limits the options in engines, trans-
missicns, and thrusters that can be used, as will be discussed fully

in Section 3.

Higher hp/ton also limits the amount of fuel that can be carried,
which means the endurance of the vehicle is reduced as specific power
increases. A simple quantitative relationship can be derived as fol-
lows. If we assume that the drag of the vehicle does not change as it
uses fuel, then the endurance is simply the weight of fuel divided by
the rate at which fuel is consumed.

E = AT (2.1)
B Pe(sfc) B W, Pe(sfcs 2 .

*Where not otherwise indicated, short tons are used for land vehicles
and long tons for sea vehicles in this report.
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ﬂ where

E = endurance
a wf = weight of fuel
. WV = gross weight of wehicle
i P, = power from engine
g sfc = specific fuel consumption
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This number is fairly stable because all these engines are ultimately

is in range rather than endurance, however, and that is the subject }

2t the next section.

2.3

-~ _‘
———

N}

Rewriting Eq. (2.1) gives

P W
e\ £ 1 Al
E( v) B wv S ’ e :j

. . 1}
(Endurance )(Specific Power) = nggi%izeéggi gﬁiiﬁ;ggion }

For engines that use petroleum fuels, the specific fuel consumption Y

under military operating conditions averages 0.5 lbs/hp hr *20 percent.

limited by the pcssible thermal cycle efficiency in converting fuel
energy to mechanical energy, and all have been under development long {
enough to be reaching toward this limit. Using sfc = 0.50 and con- N

verting to convenient units, Eq. (2.2) then becomes ;

Endurance] (Specific Power) _ ,.q. (?uel Weight)* (2.3) .
in Hours in hp/ton - \ Fraction ) ) ‘{
Thus, if che fuel weight fraction is fixed, the endurance varies ”{

approximately inversely with the specific power. Operational inter2st

Rdnge i

The Services, while asking for greater mobility, would also like

to maintain or increase the range of their combat vehicles. Un-
fortunately, mobility and range are conflicting requirements on the
vehicle design. Many of the significant observations in this study
arise from an examination of this conflict between mobility and range.
In this section, the general nature of the problem will be considered.

*Using short tons for long tons, the constant is 4480. In general,
: short tons are used for land wehicles, long tons for sea venicles.
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It was shown in Eq. (2.3), that endurance is approximately in-
versely proportional to specific power. However, sir~e range is
endurance times speed, and speed increases with specific power, it is
not immediately clear how range and specific power are related. A
correct analysis involves a detailed consideration of how drag and
propulsion efficiency vary with velocity for different types of
vehicles, This is discussed in Appendices C, D, and E. For our im-
mediate purposes it is sufficient to observe what has been attained in
actual designs.

From Eq. (2.2)

1

B
e = ———
(R)(w_\'/>‘ sfc d2c
\Y% \Y%

Sli
+h

where

R = Range = EV
V = velocity at power Pe

and other notation is as Lefore.

The term Pe/wvv is the specific resistance. It is related to

the more commonly used Lift/Drag (L/D) ratio as follows:

Pe = A - 1 (2.5}
va nxt WVV nxt L/D ’ Y
where
nxt = efiiciency of the combined transmission and thruster
D = drag
L = 1lift =W

v
For the purposes here, it is more convenient to use specific resistance
than L/D since it is applicable to all types of vehicles, whether they

use static lift, are bouyantly supported, generate dynamic 1lift, or
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use thrust to produce lift. For the special case of sfc = 0.5, Eq.
(2.4) becomes, in convenient units,

. .y(Specific Resistance] _ .., [Fuel Weight
(Range: in nml)( nondimensional ) Mo ( Fraction LD

Table 2-3 shows estimates of range and endurance using Eqs. (2.3) and
(2.6) fcr some familiar vehicles.

TABLE 2-3. ESTIMATED RANGE AND ENDURANCE FOR TYPICAL VEHICLES

Specific Estimated Estimated
Power Fuel Endurance Range
Typical Vehicle (hp/ton)  Fraction (Hr) (nmi)
Experimental High- 100 0.30 12 700-3900
Speed Ship
Hydrofoil Cruising 50 0.30 24 1,200
SES Cruising 30 0.30 40 2,000
Experimental Tank 30 0.05 7 350
Destroyer - Top Speed 20 0.25 50 1,700
Battle Tank 20 0.05 10 300
Bircreft Carrier - 3 0.10 133 4,700
Top Speed
Destroyer - Cruising 3 25 333 6,000
Aircraft Carrier - C.5 10 800 14,000

Cruising

These results are a first approximation to the familiar Breguet
range equation which applies particularly to dynamic-lift vehicles
and takes account of the change in drag due to the change in weight
of the wvehicle as fuel is used. Using the Breguet formula the simnle
ratio, fuel weight fraction in Eq. (2.4), would be replaced by the term

v

W
- 1
LnQﬂv B wf> B Ln[; - (fuel weight rractioni] 2 (2.7)
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The difference between Eq. (2.7) and the fuel weight fraction alone is
small at small values of fuel weight fraction, increases to 19 per-
cent at wf/wv = 0,30, and then more rapidly as wf/wv gets larger.

Most useful vehicles have fuel fractions of 0.30 or less, as is

discussed in more detail in Appendix C.

The value of specific resistance as a measure of vehicle design
is that it shows the efficiency with which a given vehicle can nego-
tiate given terrain. It also answers the question of whether increased
speed and reduced endurance will increase cr decrease range. The
answer is, for a given fuel load, if specific resistance increases as
speed increases, then range will decrease [Eq. (2.6)]. Sinne specific
resistance is proportional to the drag/weight vatio [for Ny constant,
see Eq. (2.5)], range will tend to decrease if the drag/weight ratio
increases with velocity. On land, drag/weight is nearly independent
of velocity, but for any vehicle that moves in a fluid, drag/weight
generally increases with velocity. We may expect, therefore, that

high-speed ships with petroleum fuels will have range limitations.

These implications are shown explicitly in Fig. 2.4 whicl is
the same as Fig. 2.2 with lines of constant specific resistance added.
No approximations are involved here since specific resistance is
simply specific power divided by velocity. Using the approximation in
Eq. (2.6) we can infer a range for each value of specific resistance.
This shows that there is a strong tendency toward reduced range for
high-speed ships. This range limitation is given more def.ritively
in Fig. 2.5 which shows the approximate variation of power witn =peed
between cruise and top speed conditions for oceangoing Navy ships
(using data from Appendix D). It appears here that unconventional
high-speed ships all have relatively high fuel consumption rates
throughout the power range when compared to displacement ships.

2.4 Vehicle Size

So far, the limits that mobility and range requirements impose
on the specific weights of propulsion systems have been considered.

To determine the level of power that is required, it is necessary
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now to establish cverall size limits for differznt classes of vehicles.
There are two constraints on size, one based on physical considera- ¥
tions, the other on costs.

2.4.1 Physical Limits -

There is an ultimate limit on the size of land vehicles* that must
operate on unprepared surfaces. It is caused by the increase in ground
pressure as the vehicle gets larger and by the limited ability of soils
to bear this pressure. If a given design is simply scaled up in size,
the area of ground contact increases as the scale factor squared,
while the weight increases as the scale factor cubed. Thus, the ground
pressure increases linearly with the scale factor. It has been esti-
mated that there is a practical limit of about 120 tons in tracked
vehicles, and these would have limited mobility, since the large surface

contact area impedes turning.

The heaviest military land combat vehicles in general use are the
U.S, and British Main Battle Tanks (MBTs) which have reached about 60
tons. Future trends are toward lighter tanks to provide greater mo-
bility. Other armored combat vehicles generally fall in the range 20
to 40 tons. High-mobility support vehicles range up to 20 tons in ~

gross weight. -

There do not seem to be any reasons or prospects for these weight
ranges to change in future vehicles, except where armor is a large
percentage of the payload. The prime example of this is the MBT where
armor is nearly half the gross weight (though it performs as structure
also). 1In such vehicles, appreciable weiqnt reductions can be made
without sacrificing armor protection if the volume of the protected

payload can be reduced.

For ocean vehicles, the situation is more complex. The effect

of variations in size is quite different, depending on whether the

*A vehicle is a single unit, as distinct from a train of units which,
in principle, could be any length.
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vehicle is a displacement ship, a dynamic lift vehicle (e.g., a hydro-
foil), a powered lift vehicle (e.g., an ACV or 3ES), or a submarine.

The effect of size in displacement ships is shown in Fig. 2.6,
which shows specific power, length, and top speed of all Havy combat
ships built since the early 1950s, The significant observation is
that to maintain a top speed of 35 knots there is a large recduction in
specific power requirements as displacement ships get larger. The
reason is that the greatest drag component at this speed is wave drag,
which depends on Froude number, i.e., the length of the ship relative
to the length of a gravity wave traveling at this speed (see Appendix
D for more detailed discussion)., As specific power requirements in-
crease, range tends to decrease as noted above and the destroyer of
about 4000 tons is the smallest practical size that can cross the
Atlantic Ocean at high speed (see Table 2-3 and Fig. 2.5).

The significant effect of size in hydrofoils is in the increase
in weight of the foil as the size increases. This is typical of any
dynamic lift wvehicle since the lift is proportional to the area of the
lifting surface® and the weight to the volume. There is a similar,
but less pronounced, size effect on ACVs and SESs which shows itself
in increased cushion pressure as the vehicle gets larger. Hydrofoils
are developing serious foil weight problems at 1500 tons gross weight;
ACVs structural weight percentages get excessive by 1000 tons; and
low L/B SESs have practical cushion pressure limits which cause serious
design problems above about 5000 tons,

The trend in SES design has been to a high L/B configuration
which lessens the structural problem in large SESs and reduces the
losses associated with high cushion pressures. As a result, there is
no simple way to set an upper limit on the size of a high L/B SES.
There seems little doubt, however, that a size limitation will appear

depending on the L/B ratio, when more detailed designs are made.

*There is a practical "wing loading" 1limit due to cavitaticn (see
Appendix D).

39




2c.
|
18 14 DD 931 CLASS, 4000 TONS, 33 KNOTS
4 DDlG 31 cmss,lnso TONS, 35 KNOTS LEGEND
@1 DL 5 CLASS, 4730 TONS, 35 KNOTS @ NUCLEAR
® OTHERS
16 |
23 DDG 2 CLASS, 4500 TONS, 35 KNOTS
02 DDG 35 cuxss 5200 *ons 35 KNOTS
©10 DLG 6 CLASS, 5800 Torx.s 34 KITIOTS
14 |
12 \
§ ®9 DLG 16 CLASS, 7800 TONS, 34 KNOTS
- 9 DLG 26 CLASS, 7900 TONS, 34 KNOTS
< 10 DD 963 CLASS, 8000 TONS, 30+ KNOTS
-4
0
(-
1 DLGN 25, 8600 TONS 49(*
| DLGN 35, W -3 CG 10 CLASS, 17,500 TONS, 33 KNOTS
9200 TONS ™~ g X
' \""“4
613 DLGN 38 CLASS, A,
10,000 T|0NS G
2 DLGN 36 CLASS, 10,150 TONS | CVAN 65 CLASS,
1 CGN 9 CLASS, 17,350 TONS B 89,600 TONS,
i Fop - 35 KNOTS
3 CVA 19 CLASS, 44,700 TONS, 30+ KNOTS. AN {
3 CVA 41 CLASS, 64 000 TONS 35 KNOTS ]
| | e
3 CVAN 68 CLASS, 90,400 TONS, 35 KNOTS
2
0
400 500 500 700 800 900 1000

1-23-75-7

FIGURE 2.6.

LENGTH OF SHIP (waterline), ft

40

Powering of Modern Navy Ships

1100

=

+
bt

o




iy

Wy Woinn

oy
W

}

R

B

oy
[ ——

=

et st
e raancrsed

The point of this discussion is not that there are sharp cut-
off points in size for different vehicles, but rather that the design
of practical military wehicles with acceptable weight distributions
(see Appendix C) gets progressively more difficult as the vehicle gets
larger. For the purposes of estimating maximum total power require-
ments, the upper limits of size for military vehicles is shown in
Table 2-4. Note that vehicles which depend on their volumes to sup-
port their weight do not have the same physical size limitations as

vehicles which generate lift over an area.
TABLE 2-4. UPPER LIMITS OF SIZE FOR SOME MILITARY VEHICLES

Maximum Size for

Vehicle Type "Practical” Vehicles
Area Lift

Hydrofoils ~ 2000 Tons
ACVs ~ 1000 Tons
SESs - Low L/B ~ 5000 Tons

- High L/B ~ Unknown
Planing Boats ~ 500 Tons
Tracked Vehicles ~ 100 Tons
Wheeled Vehicles (off-road) ~ 40 Tons

Volume Lift

Displacement Ships
{No practical limits

Airships for military needs

Submarines

2.4.2 Cost LimiEE

Cost cannot impose any absolute limits in projecting future
needs until ways are found to establish meaningful cost-effectiveness
measures in cost/performance trade-offs. However, cost is of value
in making relative judgments for the guidance of Technclogy Base pro-
grams. In this vein, a generalized method of estimating vehicle
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$
acquisition costs is devzloped in Appendix C. It is shown there |
that cost estimates can be based on a formuia of the form =
$ _ Cost element , Cost element based (2.8) L]
Vehicle ~ based on weight ~ on specific power .8
|
which takes the explicit form .
H]
W P el
$ _ o -0.33 e

VeRicle - Wy 1090 @ +Q (1200 g (2.9 -
v v E
L3
where 'i
W, = gross weight of vehicle in tons o
W, = empty weight of vehicle in tons |

Q = number of wvehicles built
P /W, = specific power in hp/ton )
It should not be assumed from the nature of the terms that the -}
}

first term in Eq. {(2.9) is a structural cost and the second is a o
powering cost. For very-low-powered vehicles this is approximately

true, but for @ vehicle with high specific power, the second term ;J
also includes the cost of strengrthening the structure and reducing its

weight to accommodate the higher loads associated with higher hp/ton -

vehicles.

This formula will approximate the acquisition costs of a wide
variety of vehicles from aircraft carriers to trucks (see Appendix C).
Its most interesting feature is the dependence on specific power. In
fact, for vehicles with specific power greater than 10 hp/ton (which

includes essentially all high-performance surface vehicles) the cost

equation may bhe approximated by

$ P
v o_ -0.33 e
i 1200 Q W; (2.10)

<
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i,e., the vehicle cost per ton is directly proportional to the spe-
cific power. This provides a useful rule of thumb in estimating the
price of mobility since mobility is directly determined by specific
power (sge Section 2,2).

It is most useful to relate costs to the payload, since vhe mili-
tary requirement is fundamentally to provide a given payload with a
given mobility over given terrain. Of necessity, wvehicles carry
structure, fuel, and propulsion systems in addition to payload, but
this function is costly and nonproductive. In terms of cost per ton
of payload*, Eq. (5.3) becomes

$ 1200 Q'0°33 P_/W

Al = e Y (2.11)
W W : ‘

P p/wv

Thus, the payload fraction, wp/wv, is an important factor in determining
cost-effectiveness. Vehicles with low payload fractions are costly to
acquire and to operate. For high-performance vehicles, payload
fractions of 20 percent to 50 percent have proved practical. If the

payload fraction gets below 20 percent, alternatives should be examined.

Two cases of interest here may be considered, (1) the cost of a
large high-performance vehicle and (2) the cost of using a high-
performance vehicle at its extreme range. As an example of the first
c3se, consider the 10,000-ton SES escort which has been cited as a
goal of current development work. It will require a propulsion system
of about 500,000 hp. This is twice the power of a carrier and hence
the 10,000-ton SES would cost about twice as much as a carrier by this
analysis. Thus, though there were no clearly defined physical limits
on the size of a high L/B SES, there may well be cost limits.

An example of the second case, i.e., using a high-performance

vehicle at its extreme range, is an ocean-crossing hydrofoil. One

*See Appendix C for a definition of payload.

43

L AL L A WS AR

D e B S




such design carries about 45 percent of its weight in fuel and has a
payload of about 6 percent. The cost difference between this 50-knot
vehicle and a 40-knot displacement ship carrying a 20 percent payload
appears as a factor of 4 or 5.

2,5 Implications for Propulsion RED

The purpose now is to examine the implications of the military
needs outlined above on the propulsion system. The goal is to
determine what ranges of total power and of specific weights and
volumes of propulsion systems are needed by military vehicles. This
information can then be used for evaluating the military potential of

the numerous powering options that are available.

First, the total propulsion power for different types of vehicles
can be obtained from the specific power requirements (Section 2.2)

and the vehicle size requirements (Section 2.4). Thus, for its high-

performance vehicles, the Army needs power plants in the range of 100 hp

to 2000 hp; while the Navy needs 70,000 hp to 300,000 hp for its ocean
vehicles and 6000 hp to 15,000 hp for coastal patrol ships. It is
interesting to note that while the specific power requirements for both
land and ocean vehicles fall in the same range, the ocean vehicles

are roughly two orders of magnitude heavier than land vehicles and
hence require power plants two orders of magnitude larger. For this
reason alone, it is to be expected that there would be little overlap

in Army and Navy propulsion system developments.

The remainder of the discussion in this section concerns the
weight and volume thet can be assigned to the propulsion system. A
preliminary vehicle design can be made knowing only the specific weight
and volume of the power train together with the specific fuel consump-
tion of the system. By reversing this process, i.e., looking first
at the vehicle design, the required characteristics of the propulsion

system can be determined.

In following this line it is necessary to distinguish between

weight-limited and volume-limited vehicles. By definition, a weight-

limited vehicle is one in which the total drag is more strongly
44




[P
£=3

s
Wi d

4

]

dependent on changes in weight than in volume. 1In a volume-limited
vehicle, the reverse is true. Most actual vehicles are neither com-
pletely weight- nor volume-limited, b..t many are dominated by one
consideration. An example of a weight-limited vehicle is a hydrofoil
or an ACV. A fleet submarine is volume-limited, but special-purpose,
deep-diving submarines become weight-limited. The reason for this
change is that the pressure hull becomes very heavy for deep dives,
and the average density without payload eventually exceeds that of
sea water. Wh2ther vehicles are weight- or volume-limited is of
importance largely in concidering alternative fuels (e.g., liquid
hydrogen) where large density changes must be considered. For
engines, transmission, and thrusters, average densities remain
remarkably constant, and so weight and volume changes are closely tied

to each other.

Table 2-5 classifies the wvehicles of interest here with some
others as illustrative examples according to how they generate lift
and whether they are weight- or volume-limited.

TABLE 2-5. WEIGHT- AND VOLUME-LIMITED VEHICLES

Vehicle Type Weight-Limited Volume -Limited
Static Lift Trucks Tanks

Lightly Armored

Vehicles

Buoyant Lift Rirships Submarines
Dynamic Lift Hydrofoils Cruise Missiles

Planing Boats
Powered Lift ACVs

SESs

Helicopters

Within this framework, and using typical design data,* we can
examine each of the vehicle classes of interest and arrive at the
characteristics that are required to be met by the propulsion systems.

The results are shown in Table 2-6.

*See Appendix C. 45
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3. TECHNOLOGY POTENTIAL

3.1 General Considerations

The purpose of this section is to sort through the characteristics
of all the available propuision system components t¢ identify those
with the greatest potential for meeting military needs. The general
criteria established in Section 2 will be useful in this sele~tion
process, To reach meaningful results, it is necessary to establish
how the component characteristics vary with size and a rationale for
where improvements may be expected. This information has been gathered
from numerous sources and, where it is extensive, it is presented in

Appendices.

Before considering each component in turn general observations
can be made. The first is that, contrary to expectations, propulsion
systems do not benefit from increasing size in terms of weight and
volume requirements. On the contrary, power tends to be area-dependent
while weight is volume-dependent, causing both specific weight and
specific volume to go up as propulsion power increases. This is shown
explicitly for internal combustion engines in Appendix F, It is
mentioned here only because it 15 the opposite trend to what one

intuitively expects from "economy of size" arguments. In fact, it can

=

be categorically stated that there is nov real economy of size effect {
in propulsion systems--both specific weight and volume tend to increase

with size beyond a certain point.* The second general observation

is that the specific cost ($/hp) of propulsion systems tends to remain

constant as size increases. The rationale for this is that basic

material costs, which are volume-dependent, are relatively small.

The major costs are associated with machining and fabrication processes

which are area-dependent. Since power is also area-dependent, cost

per unit power remains constant.
The final observation is thac, except for nuclear euyines, pro-

pulsion systems are technically mature in the sense that no major

*In nuclear propulsion systems, the dominance of the shielding weight
masks this trend at power levels of interest here (See Rppendix G).
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innovations have appeaved for many years. By major innovation, we
mean a new device which is such an advance that in a short time it

completely replaces all competition. Recent major events have been

¢ The gas turbine for aircraft propulsion
® The diesel/electric drive for locomotives

e The automatic transmission for automobiles.

We may expect, therefore, that the greatest technological advances

in improving propulsion system components have already been made. The
greatest opportunities will probably lie in transferring to new uses,
e.g., gas-turbine-powered ships and tanks. One exception is the

nuclear engine which is in its infarcy in propulsion applications.

3.2 Combustion Engines

Internal combustion engines include those in which combustion
takes place inside the working fluid, as distinct from external
combustion where heat is transferred to the working fluid through a
heat-transfer surface. Spark ignition, diesel, rotary, and gas-
turbine engine:c are internal combustion engines of interest here.
Stirling and Rankine cycle engines and conventional steam turbines are

external combustion engines.

The attainable specific weights of internal combustion engines
as a function of power are examined in Appendix F, with the results
indicated in Fig. 3.1. As noted above, all types show an increase in
specific weight as power increcses, because of the volume/area-
dependence of weight/power. At small power levels, there is also a
weight increase due to increased heat losses. As a result, each has
an optimun size with respect to specific weight. Since engine
densities remain nearly constant for each type, specific volumes fol-

low the same trends as specific weights.

Figure 3.1 shows that techniques which increase the air flow
through a given volume (e.g., supercharging) will reduce specific
weight., Other techniques for reducing exhaust waste (e.g., turbo-

LR
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compounding) will also reduce specific weight. These techniques change
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the levels shown in Fig. 3.1 but do not change the power level optimums

appreciably. These and other approaches fcr getting more power out of
a given engine are discussed also in Appendix F. From this analysis,
together with the bounds established on propulsion system weights,

(Table 2-6 end Appendix C), it is possible to make an ini.“al selection

of engining possibilities for the vehicles of interest here. Such a

selection is shown in Tablz 3-1.

TABLE 3-1. COMBUSTION ENGINE POSSIBILITIES FOR MILITARY
HIGH-PERFOFMANCE VEHICLES

Power Range Specific Weight
Vehicle (hp) Possible Engine (1bs/hp)
40-60 Ton 1,200 Diesel-supercharged b6-7
Tracked 2,000 Diesel-turbocompound 8-10
1,000-2,000 Turbine 1-2
10-40 Ton 200-1,200 Diesel-supercharged 3-6
Tracked 400-1,200 Turbine 2
200-400 Rotary 2-3
200-400 Spark Ignition 2-4
4,000-8,000 Ton €0,000 to Steam Turbine 13-15
Escort 80,000 Gas Turbine 1-2
High-Speed 80,000 to Gas Turbine 1-2
Escort 300,000
High-Speed 6,000 to Diesel-supercharged 10-20
Coastal 15,0090 Gas Turbine 1-2
Short-Range ACV 18,000 Gas Turbine 1-2

Note that the only external combustion engine in Table 3-1 is the
60,000- to 80,000-hp steam turbine. Both Rankine-cycle and Stirling-
cycle external combustion engines have been used experimentally in

automobiles. However, they suffer from inherent weight and volume
out of the working medium through heat exchangers. They cannot meet

the weight and volume requirements of high performance military land

vehicles.
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5.3 Nuclear Engines

[ e
[ W ]

Nuclear engines are considered separately because, on a weight

3

i gi and volume basis, they must be compared to the combined engine/fuel

i b requirements for ccmbustion engines. It is clear at the outset that

i : for range-limited vehicles, nuclear propulsion is the ultimate answer.
i {i The problem for military high-performance vehicles is that the cur-

1 . rent state of nuclear engine development requires specific weights of
: i} over 100 1lbs/hp. Reference to Table 2-6 will show that on this basis
4 nuclear propulsion is limited to large surface ships and submarines.

. T3

The basic technology question is, therefore, what are the prcspects

P roa.
LS

for reducing weight and volume requirements for nuclear erngines?

This question is examined in Appendix G using information from

sy
o ewrd

the development of nuclea. propulsion systems for nonmilitary ships.

It appears that the major physical block to reduced weight is shielding.

O |
b crcead

Shielding weight can be reduced by different physical arrangements

which, however, infringe on current military standards for accessi-
bl bility and ruggedness. One may expect that these deficiencies will
gradually be solved by trial and error.

bl The general picture that evolves is shown in Fig. 3.2. Nuclear

g propulsion could become attractive for conventional escorts with

‘f moderate technological advances as discussed in Appendix G. However,
a major step to high-temperature gas-cooled reactors is needed to

meet the stringent weight requirements for high-speed escorts.

3.4 Transmissions

o 3,4,1 Conventional Types

Mechanical, hydrokinetic, and hydromechanical types of trans-
missions are considered to be conventional. The technology for all

these types is developed to the point where most new requirements can

B
£ B

be met by modification of existing systems or components.

For land vehicles, military needs are for both wheeled and ftracked

TRYY

vehicles. The latter have more complicated transmission systems

% because a steering capability is incorporated in the power transmission

¥ L. £
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requirements. Great improvements have been made since the early
mechanical systems with the introduction of hydrokinetic and, more
recently, hydromechanical systems. Trends in torque/weight and
torque/volume ratios for these systems show that few improvements are
to be expected in the future (see Fig. 3.3). This further confirms
the mature position of this technology. In general, it appears that
future requirements for high-performance land vehicles can be met by

conventional transmission systems within the bounds of existing tech-
nology.

For sea vehicles, the custom has been to use extremely conserva-
tive transmission design to get the ultimate in ruggedness and relia-
bility. This, combined with high power and relatively low rotational
speeds makes heavy transmissions systems. As long as engines were
heavy (e.g., cil-fired boilers and steam turbines or large diesels)
the weight of the transmission system was not of crucial importance.
However, the shift to high-speed ships with gas-turbine engines has
forced a revision in this custom. Fortunately, the technology for
reducing transmission weights (more highly stressed gears, different
types of gears, etc.) was available from other sources. BAs a result,
the designers of high-speed ships hLave been able to get transmission
systems at acceptable weights, even in difficult transmission path
situations. For example, a transmission system of 0.8 lbs/hp to 1.0
1bs/hp was estimated for a 50,000-hp installation in a large SEV with
power being delivered to eight fans and two propellors from two
engines (Ref. 6). In another 80,000-hp design for a SWATH ship, a
transmission weight of 3 1lbs/hp was estimated. Similar specific

weights apply to the 2000-ton SES designs.

Thus, as for land vehicles, it appears that demands for high-
performance sea vehicles can be met from existing technology though
systems of this size have not actually been built and tested yet. The
high power levels and multipoint distribution requirements of high-
speed ships do make conventional transmission systems relatively heawvy
compared to gas-turbine engines, so there is some pressure for lighter

and more flexible systems in the range of 40,000 hp and up.
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3.4.2 Electrical Types

ol = =

Electric transmissions for land vehicles are well developed in
commercial use but not in forms directly applicable to Army needs.

Locomotives and large mining trucks, in particular, have found direct

current electric transmissions better than mechanical/hydraulic

(n systems, BAs a result, a commercial technology has been created. The

= common factor in these vehicles is the need for large torque at low

i} speeds which favors dc electric motors. This technology can be
applied to some Army requirements as has been pointed out many times

f} (Refs. 7 & B8). Several experimental vehicles have been built using
dc drives both in this country and Europe. The application has

I generally been to heavy, high-mobility, wheeled transport vehicles

: which benefit greatly from all-wheel drive.

?! The basic problem in applying dc drives to high-performance
‘ vehicles is the weight of the niotors which, in general, precludes

o them being mounted on the unsprung part of the structure. Hence, an

L additional "conventional" transmission is needed to transfer power to
# - the thruster. The argument is often advanced that this destroys the
: 2} advantages of electric transmission. On the other hand, the problem

; of linking the motor to the thruster is open to design ingenuity,

¢ and simple solutions seem possible (Ref. 8).

ey

The other approach to electric transmission for land vehicles is
to use ac drives. This allows immediate reduction in the weight of
the motors but complicates the control problem. As with dc drives,

! there have been a number of experimental wheeled wehicles built. 1In

the late 1960s there was also an intensive effort made to develcp an

) ac electric drive for tracked vehicles. BAll these ac systems had
: serious problems with the solid-state power control equipment, which

prevented reaching acceptable reliability standards. As a result,

PRSI

o all these efforts were discontinued.

. . As noted above, foreseeable demands in high-performance land

oA vehicles can be met with conventional transmissions. However, there

- are applications (e.g., multipoint power distributions) where electric

- 57




transmissions look attractive. The potential for advances in technol-
ogy which would affect weight, reliability and cost factors exists in
both dc and ac systems. For ac systems, the state of the art in
high-power, solid-state devices is advancing rapidly and one would
expect that acceptable power-conditioning controls will eventually

be available. 1In the dc area, lightweight motors are being developed
and commercial applications for dc drives are expanding. Ip this
environment, it would s 2m prudent to keep monitcring the Army &p-
plications for electric drives through continuing Technology Base

activities.

For sea vehicles, the very high level of power transmission
makes electric drives extremely heavy. To achieve the necessary
weight reductions requires going to superconducting electric motors.
This necessitates cryogenic cooling devices which make the overall
system expensive and elaborate. In developing high-speed ships,
however, there is a universal problem in power transmission paths and
the flexibility of electric transmission is attractive. The technol-
ogy of high-power superconducting motors is in its infancy and hence
the potential for innovations and improvements is large. For these
reasons, this field is one of significant potential for Javy Technol-

ogy Base activities.
3.5 Thrusters

3.5.1 Land Vehicles

The only thrusters for laend vehicles in extensive use are the
track and the wheel. 1In terms of abili%y to couple with the terrain
in off-road conditions, the track is far superior, not only because
of its greater contact area but also because the tractive effort is
strongly dependent on the length of the contact in the Jirection of
motion (see Section E.S5 of Appendix E). The disadvantaue of the
track is its weight, which puts heavy demands cn the suspension
system. The large unsprung weight +n the trac< limits its use to
heavy vehicles ard even there the top speed in rough terrain may be

limited by human tolerance to the roughness of the ride. For these
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reasons, in high-mobility vehiclies, trackes are generally used for the
large and/or slower moving vehicles and wheels for the smaller and/or
faster ores. When wheels are used for off-road conditions, their
reduced tractive ability makes all-axle drive a practical necessity.
Figures 3.4, 3.5, and 3.6 show the relative weights of tracks and
wheels, as demonstrated by design practice.

Improving off-road tractive capability of wheeled vehicles is a
constant goal of inventors. One approach is to articulate the vehicle
sO as to optimize wheel contact area (e.g., the XM 808). Another is
to drive each wheel separately and control the applied torque to keep
each wheel at the same slip point. Each of these methods makes ap-
preciable improvements in tractive ability under cextain terrain

conditions.

Another class of potentisl improvements is in unconventional
thrusters. These efforts are generally directed at increasing traction
in loose and wet soils. As discussed in Appendix E, soils lose their
cohesion when they a2re plcughed or as they get wet, and this can stall
even tracked venicles. It is possible to design other types of
thrusters which are better adspted to these conditions in which the
soil begins to take on properties more like a liquid. Many of these
have been proposed and some built and tested. However, none has
received general acceptance. One apparent reason for these failures
is the inability of the unique types of thrusters to match the per-
formance of track or wheel over the wide range of operating conditions

demanded of a high-performance Army vehicle.

The conclusion from this discussion is that high-mobility vehicle
demands in thrusters are apparently being met by track and all-axle
driven wheels. The potential for increasing traction in certain
operating conditions by unconventional means exists but the need for

this improvement has not been clearly established (see Appendix E).
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FIGURE 3.4. Weight of Tracks

3.5.2 Sea Vehicles

The conventional thruster for sea vehicles is, of course, the
propellor, which is unexcelled at subcavitating speeds. The main
question ror technology is how to provide efficient thrusters for
high-speed ships (>50 knots). This problem has received considerable
attention in recent years and a full range of possible solutions has
been addressed., These include supercavitating propellors, water-jets,

and a variety of water-/air-jet mixtures.
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If water is used as the propulsive medium, the basic problem is
that at speeds over 50 knots, cavitation occurs readily at inlets or
on the low-pressure side of the blade. If air is used as the propulsive
medium, a huge thrust area is required to keep the exhaust velocity
low enough to reach acceptable propulsive efficiencies. A review of
two-phase propulsion systems is given in Ref. 9, which also provides
a list of references on this subject. The water-jet propulsor is con-
sidered in Ref. 10 and the supercavitating propellor in Ref, 11. A
general conclusion that appears from these studies is that high-speed
propulsors will not match the efficiency of the subcavitating pro-
pellor. Of the high-speed devices considered, the supercavitating
propellor and the water-jet show the most promise. In the experimental
high-speed ships that have been built (Appendix B) and recently
designed (e.g., 1300-ton hydrofoil and 2000-ton SES designs) the water-
jet has been the preferrec thruster, though efficiencies of 50 percent
to 55 percent are the best yet reachead.

It appears from a Technology Bese viewpoint that there is con-
siderable potential for improvement in both efficiency and weight of
high-speed thrusters. Water-jets and supercavitating propellors appear
now to be the best candidates.

3,6 Fuels

Alternate fuels for vehicles have been subject to a great deal of
study, particularly since the increased prices and predicted shortages
of liguid petroleum fuels. One conclusion that appears clearly from
this work is that liquid petroleum has unique advantages as a fuel for
military vehicles., On a weight and volume basis alone, its acvantages
are clear, but when other military requirements are added, the

advantages become overwhelming.

For long-range vehicles that are severely weight-limited, a
possible alternate fuel is liquid hydrogen (LHy ). This results from
the fact that LH, has roughly three times the energy content per
pound of liquid petroleums. It also occupies about four times the

volume of liquid petroleum for the same energy content, and thus LH,
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can only be substituted for liquid petroleum in situations where large
volume changes do not proportionately degrade vehicle performance,
i.e., in weight-limited vehicles (see Table 2-5), If the vehicle is
severely weight-limited, LH, may increase its range capabilities.
Examples of this situation are subsonic transport aircraft and some
types of high-speed ships. When the factors of cost and logistic
supply are considered, however, these possibilities become last resort

solutions for military wvehicles.

One military need that the potential petroleum shortage has
pointed up is the desirability of multifuel capability. The Army has
always had multifuel capability as a goal in order to optimize war-
time logistic problems, but the Navy has not had the samr pressure.
Under the current petroleum supply situation, it appears that multi-
fuel capability should become a priority goal for Technolocy Base

activities.

63

ik i

otk

A W Al AV L A




e

=N N RN

ERnE

4. TECHNOLOGY BASE PROGRAMS

Preceding page blank

65



o

sy

4. TECHNOLOGY BASE PROGRAMS

In this section, the current and projected Technolcgy Base pro-
pulsion system programs for surface vehicles are reviewed. Input
information for this task is taken from available survey and planning
documents. For 1land wehicles, these documents include the Land-
Mobility TCP mentioned in the Task Order (Section 1), the TACOM
20-year Plan for Propulsion Systems for Combat+ Vehicles, and the AMC
Long-Range Fuels RE&D Program. For sea wvehicles, the pertinent docu-
ments are the Ocean Vehicles TCP referred to in the Task Order
(Section 1) and the Survey of the Navy's Nonnuclear Propulsion
Systems Development Programs. Comments on the Navy Nuclear Propulsion
Program are also made but are not based on any single survey or plan-
ning document.

Considerable effort was made to verify the information contained
in these documents by an independent survey of the pertinent R&ED
programs described in the DDC Data Base. Because of the diversity of
the subject matter involved, this job became very time-consuming and
was finally abandoned. Visits were made to both Army and Navy R&D
centers involved in propulsion system work and to several contractors
in order to obtain independent information on the nature and scope of
the R&D work currently under way. The documents cited above, however,

are the best sources of comprehensive information that were found.

4,1 Land Vehicles

4,1,1 The Land-Mobility TCP

It is pointed out in the Land-Mobiliity TCP that because of the
encrmous diversity of technology relative to land mobility and the
lack of a comprehensive methodology to quantify results, many sup-
porting analyses are more qualitative than quantitative. The scope of
the survey covers all types cf Army land vehicles--combat, transport,
and special-purpose. It involves evaluation of the effects of evolving
mobility doctrine and threat, as well as the impact of potential

petroleum fuel supply problems. It also considers interfaces with

7  Preceding page blank




other technology areas such as materials, weapons, structures,
electronic devices, etc.

Only a small part of this total scope is directly concerned with
advanced propulsion systems. As pointed out in Section 2.0, advanced
propulsion is primarily for high-performance vehicles as defined there,
which corresponds to the classes of high and standard mobility used
in the TCP. 1In terms of technolegy subareas, the Technclogy Base
program defined by the TCP is shown in Table 4-1 where those items that
can be directly related to the subject matter of this survey are
outlined in boxes. There are, of course, other areas such as reduction
of vehicle signatures, improved RAM-D,* pollution abatement, etc.,
which relate to propulsion systems. It is not possible, therefore,
from this breakout to give a total dollar figure on the amount being
invested in advanced propulsion programs. For our purposes, the
directly identified items on power plant, transmission, suspension,
fuels, and controls will be adequate.

The TCP does not examine in detail the work being done in each of
these subareas. Instead, it sets out a list of priority objectives by
identifying the major functional needs of the various elemental land-
mobility systems, and relating them to specific technology tasks.

The results of this analysis are summarized in Table 4-2., As is
pointed cut in the TCP, the technology program for FY 73 and FY 74 did
not adequately support these priorities. A major recommendation was
to realign the program and provide additional funding, where needed,
to remove this deficiency. BAn exemination of the FY 75 program as
part of this survey shows that the recommendation is, in fact, being
implemented.

4.1.2 The TACOM 20-Year Plan for Propulsion Systems for Ground Combat
Vehicles

The basic objective of this plan is to establish a technology
development program for propulsion systems for combat wvehicles with-

out waiting for a specific vehicle application. The goal is to have

*Reliability, Availability, Maintainability-Durability.

68

e I e P R

i

ond




i 4 ' TABLE 4-1. PROGRAM COMPOSITION BY TECHNOLOGY SUBAREAS

MaLy b Nk

3E FY73 FY74
% of % of
. SUBAREA - XS Total K$ Total |
1
i
il TOTAL SYSTEMS 934 4.5 1575 6.9 !
Vehicle concept studies 422 251 460 2.0
"’ Development, interfacing of analytical &
%2 experinental methodology 207 1.0 315 1.4
Reduction of wehicle signatures 100 0.5 600 2,6
a; Sea to inland logistic system 205 1.0 200 0.9
1y
ELEMENTAL SYSTEMS 13278 64.5 12889 56.4
. Experimental vehicles (combat, tactical
i and special purpose) 1431 7.0 819 3.6
Methodology development & validation 939 4.6 900 3.9
{ | Basic supporting research | 590 2.9 650 2.8
) Material handling equipment (includirg
POL handling) 1353 6.6 1872 8.2
: Gap crossing velicles & equipment 295 1.4 555 2.4
\Ruto fuels, lubes & chemicals} 1500 73 1798 79
: Countermine R&D 6660 32.4 5290 23.2
i Earth moving, excavating, road
R surfacing equipment 410 2.0 905 4.0
' Maintenance equipment 100 0.5 100 0.4
SUBSYSTEMS 1 6363 30.9 8377 36.7
Power plan . 1960 9.5 3090 13.5
2 T Transmission & line of drivel 320 1.6 520 2.3
& & Suspension & running gyear 1730 8.4 2110 9.2
E Controls &_d_iagnostlcs 500 2.4 450 2.0
2 Improved BAN~D . 335 1.6 170 20
20 Pollution abatement 1230 6.0 1000 4.4
oL Development, interfacing of computerizad
E i experimental methodology 68 0.3 557 2.4
- 8
¥ Improved ervirommental resistance 220 1.1 180 0.8
23
TOTAL 20575 22841
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available from Technology Base programs, demonstration models of pro-
pulsion system components (engines, transmissions, and ancillary
equipment) for direct use in Technology Applications (6.4 programs).
The family concept is favored as a means of reducing RED costs.

Technology goals are set to meet two major requirements--fore-
casted fuel posture and forecasted vehicle requirements. Work under
6.2 program funds is to include the following:

® Advanced diesel technology, including variable geometry turbo-
chargers, turbocompounding, and universal fuel injectors.

e Advanced turbine technology, including new cycles, higher
temperature materials, reduced cost, greater dust tolerance,
greater fuel tolerance, and fuel economy.

e Expanded stratified charge engine technology to V8 engines
up to 1000 hp.

® Technology for external combustion engines such as Rankine
and Stirling cycle.

e Study of engines compatible with atomic power plants and mobile
energy depots, including electric-powered wvehicles.

® Advanced power train technology to include variable-pitch
torque converters, electronic and fluidic logic circiitry,

and power trains compatible with vapor-cycle engines.

e TImproved air filtration technology and advanced heat exchangers.

® System integration technology for optimum power train matching.

Funds in the 6.3 area are to be used to develop "demonstrator" proto-
types of engines and transmissions based on improved technology from

the 6.2 programs.

The overall program would investigate engines of the size and type
shown in Table 4-3 for potential use in the time periods indicated.

The funding requirements are projected as shown in Fig. 4.1.

The general comment that can be made immediately about this plan
is that it is too diffuse. The funding requirements are not enough to
do everything that is envisioned. The program would be improved by

greater focus, i.e., by eliminating many of the engine candidates.
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The rationale for doing this is given in Sections 2 and 3 of this

report. Even when the goals are trimmed down, the R¢D funds foreseen

for engine technology development do not appear excessive when com-
pared, for example, to the Technology Base funding which supports
aircraft and helicopter gas-turbine developments.

TABLE 4-3., FUTURE ENGINE CANDIDATES
vehicle Candidate Engines for Time Period
Weight "lorsepower Short Mid Long
Class Range (1975-80) (1980-85) (1985-95)
Heavy 750-2000 Diesel Turbine (Advanced) Turbire
(40-60 Tons) Turbine Diesel (Turbocompound) Diesel
Stratified Charge
External Combustion
Medium 400-1500 Diesel Diesel Turbine
(20-40 Tons) Turbine Turbine Diesel
Stratified Charge Stratified Charge
External Combustion External Combustion
(Stirling)
Light 200-750 Diesel Stratified Charge Turbine
(10-20 Tons) Stratified Charge Turbire Diesel
Diesel Stratified Charge
External Combustion

4.1.3 The AMC Long-Range Fuels R&D Program

The objectives of this dccument are (1) to provide guidance for

Army power plant R&D and (2) to define a revised Army Fuels R&D Program.
With respect to power plant R&D, the following guidelines are presented:

€ Convencional crude-based fuels will be available into the

1990s.

(shale, coal) will be in use.

® Unconventional fuels may be required in combat situations from

now on.

conventional fuels are shown in Table 4-4,

® Future fuels for beyond the 1990s into the 21st Century will

include 1liquid hydrocarbons, hydrogen, and high-energy formula-

tions.

Preceding page biank

By 1985, "conventional fuels from other sources

The nature and order of preference for use of un-
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On this basis, it is recommended that emphasis on power plant R&D
be on the use of conventional and synthesized hydrocarbon fuels with
secondary emphasis on hydrogen.

With regard to the second objective, the Army Fuels R&D Program
is revised to place more emphasis on availability than on performance.
In conventional fuels the objective is to continue ensurance of
excellent performance and minimum cost when fuels are available but
to add the options of using off-spec fuels when that may be necessary.
In emergency fuels, i.e., existing products thdt can be made quickly
available, RED will be done to identify and adapt these fuels for Army
use. For the long-term future, other fuels need to be considered and
RED will be done on use of synthetic hydrocarbons and hydrogen. The
funding needed to support this program is shown in Fig. 4.2,
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A general observation on this proposed program is that, while the
nature of the problem is identified correctly, the time scale is
probably too short. If the time scale is extended by a factor of
two, which seems reasonable in the light of recent studies, the im-
mediate guidance for propulsion system technology is to seek multi-

fuel capability within the conventional fuels.

4,2 Sea VYehicles

4,2,1 The TCP on QOcean Vehicles

In the Introduction to the TCF, it is pointed out that to meet
its basic mission requirements, the Nawy needs a strong R&D program
in ocean vehicle technology with particular attention given to the
problems of:

® (Obsolescence

® Tncreased threat

® Decreased funding and increased costs.

The purposes of the TCP are to relate investment in the 6.1, 6.2,
and 6.3 program areas to projected needs, to identify pacing problems
and unfunded areas, and to recommend priorities. It considers ocean-

going and inshore vehicles as platforms which include:

e Hull

® Superstructure

® Propulsion

® Electric power

e Ship control

® Ship silencing

® Interior communications
e Auxiliary machinery

® Anti-pollution efforts
e Reduced manning

® Computer-aided design and construction.

The military systems carried by the platforms are not considered,

nor are oceangoing barges and platforms and nuclear propulsion systems.
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The basic breakdown of the R&D work in the 6.2 and 6.3 areas is
in terms of the type of ship whose development it is supporting. The
following ten ship categories are selected:

® Conventional Surface Ships

® Advanced Hydrofoils

® Surface Effects Ships

e Air-Cushion Vehicles

e SWATH and Multihull Ships

e Crafts and Boats

e Submarines

e Submersibles and Swimmer-Delivery Vehicles
® Bottom Crawlers

® Towed and Tethered Vehicles

In the 6.1 area of basic research, no such breakdown is attempted;

this area is presented in a separate section.

The military needs and R&D emphasis, as stated in the TCP are
summarized in Table 4-5. The total funding for the 6-year period
considered in Table 4-5 amounts to $1003.8 million and does not

include 6.1 Research funds which amount to $29.8 million (3 percent).

A significant observation from Table 4-5 is that the development
of unconventional, high-speed, oceangoing ships (i.e., hydrofoils,
SESs, and multihull ships) has been allocated about two-thirds of the
total 6-year effort. This implies a top priority need for high-
performance oceangoing escorts, which should be substantiated much

more strongly than is done in the TCP,

The immediate concentration of effort is to develop a 2000-ton
SES with a speed range of 80 to 100 knots (p. 43 of the TCP). While
the speed range has been modified since this was written, there is
still major emphasis on this vessel and it is generally believed to
be a prototype for larger operational SESs in the 1980s. A basic
problem of high-speed ships is that, at the current state of the art
in propulsion systems, their range is limited. In addition, because

of their high-power requirements they are relatively expensive.
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TABLE 4-5.

Problem

For conventional ships,
top speed is 30-40 knots
in calm water and much
less in heavy seas.

Mcdern submarires are ap-
proaching underwater
speeds equal to displace-
ment ships, but they must
run slowly to reduce
noise, There is need for
better control systems at
high speed.

TRIESTZ is the only sub-
mersible for depths over
12,000 feet. It is slow,
carries a small payload
and lacks maneuverabi!-
ity.

Present landing craft

are slow, limited by surf
conditions, and must un-
load at water's edge.
They are vulnerable to
both accident and enemy
action.

Current high-speed
planing craft are rough
riding, even in moder-
ate seas, and carry small
payloads.

SUMMARY OF OCEAN VEHICLES R&D PROGRAM

RED Goal

An ove2rall RED goal is
to reduce costs for
acquisition, operation,
and maintenance of all
ocean vehicles and to
minimize manning
requirements.

Demonstrate high-
performance wvehicles
with greater speed in
calm and rough seas
that are smaller, more
cost/mission effective,
and less susceptible
to attack.

Improve speed, control,
depth, quieting, and
magnetic concealment

of submarines,.

Develop equipment for
ocean bottom search,
rescue, Salvage em-
placement, construc-
tion, inspection trans-
portation, clandestine
operations, and neutra-
lization of weapons and
Sensors.

Demonstrate less vul-
nerable vehicle with
better performance.

Demonstrate vehicles
with better perform-
ance.

*Tncludes 6.2 and 6.3 funds.
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R&ED Projected Effort¥
(6 yrs - FY 73 to Ty 78)

bollars,
Millions

Category

Percent (
of S
Total

Effort -

Conventional Ships 92,7

Hydrofoil Ships 138.2

Surface Effects 448.3
Ships

Multihull Ships 45,8

Submarines 80.4

Submersibles 47.9

Towed and Tethered 16.7
Vehicles

Bottom Crawlers 0

Air-Cushion 94.9
Vehicles

Crafts and Boats 38.9
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Cost and range limits are discussed in general in Section 2 and the

implications of these problems for high-speed ships is discussed below,

4.,2.2 The Nonnuclear Propulsicn Systems R&D Program for Sea Vehicles

8 3
MTJ

The basic purpose of this document is similar to the Army's

20-Year Engine Plan, that is, to provide a focused R&D program for

o
4
Wrmerrenid

propulsion systems that is independent of a specific vehicle develop-

“z ment. This approach has not been Navy practice, but it is now needed
L) to reduce the risks encountered in 6.4 program area develcpments., The

,} program that is proposed is summarized as follows:

® (Gas-Turbine-Propulsion Systems--Develop a family of standard

propulsion system components for delivering up to 60,000 to

P

o Ay

70,000 hp per shaft. Determine the feasibility of split
turbines, alternative fuels, and high efficiency recupera-
tive systems. Establish a land-based turbire test bed.

® Steam Plants--Develop automatic control systems,

® Transmissions--Develop a family of planetary-type reduction

gears and right-angle drives for high-power systems. Develop
‘ a superconducting drive system with up to 30,000 to 40,000
k hp.
® Propulsors--Develop water-jet propulsors for up to 60,000 hp
i and speeds of 50 to 100 knots. Develop design criteria for
trans- and supercavitating propellors. Improve erficiency
of propulsion/lift air fans.
e (Control Automation--Explore possibility of "fully automated"

ship operation. Develop diagnostic systems and a family of
solid-state frequency converters (10 kW to 250 kW).

e Test Facilities--Construct a test and engineering ship for

evaluation of main propulsion systems,

It is shown that current programs to "predevelop" propulsion
systems for undefined future vehicles exist only in gas-turbine
marinization and in superconducting transmissions. For FY 75, these

.o two areas are funded at about $21.6 million. To implement the

remainder of the suggested program would require an additional $20.4

o 79




million. These funds are for 6.3 programs and above, and are to

include both Technology Base and Technology Applications areas.

4.2.3 Nuclear Propulsion Systems

The exact separation between Technology Base and Technology
Applications activities was not made in this area. It appears, how-
ever, that possibly $7 million to $10 million is the annual funding
for Technology Base activities. These have been successfully directed
at increasing core life as well as improving reliability. The
important observation in this area is that no serious effort has been
directed to reducing specific weight and volume. The position that
has been taken is that Navy demands for ruggedness and at-sea maintain-
ability preclude the approaches that would appreciably reduce specific
weight. With the excellent record of success in operating nuclear
propulsion systems, these stringent criteria can scarcely be criti-
cized. The implications of this "freeze on weight-reduction" are

discussed in Section 5.
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5. TJSSUES AND FINDINGS

The primary purpose of this section is to assemble and compare
the information presented in the previous sections on Needs (Section
2), Potential (Section 3), and Programs (3ection 4), to illuminate
the gaps and opportunities in propulsion Technology Base activities.
The approach that is taken is to examine issues in selected areas
so as to highlight specific prcblems.

Land and sea vehicles will be treated in separate subsections
because there is little overlap in their demands on propulsicn systems.

The basic reasons for this are

® The vast difference in size bztween land and see vehicles,
which results in greatly different power level needs, i.e.,
200-2000 hp for lard vehicles and 6000-40,000 hp for sea
vehicles.

® The much greater endurance required of sea vehicles than of
land vehicles, which places much greater emphasis on reducing

fuel load requirements in sea wvehicles than in land vehicles,

Each of these differences has a major impact on the selecticn of

feasible propulsion systems.

5.1 Land Vehicles

Issue: Dependence on Commercial Technology

Maximum installed power has increased from about 800 hp (M-60)
to 1300-1500 hp (XM-1) and is pr»jected to go as high as 2000 hp
(Sections 2 and 4). Th's has a major impact on Technology Base
activities, since in the 800- to 2000-hp range there is little com-
mercially developed propulsion system technology that can be usad.
As long as the top power demand was 800 hp, all propulsion system
components could be derived from technology developed for other uses.
However, commercial propulsion technology in the 800- to 2000-hp range
is largely for locomotives, ships, and large electric-drive mining
trucks, none of which will meet the specific weight and volume limits

imposed on military land vehicles.

o;  Preceding page biank




Finding: The push toward higher pcwer is separating the Army
from its traditional commercially supported Technology Base.
Increasing empnasis and experditvres in DOD Technology Base
activities will be needed to support this move. Current levels
of funding (Section 4) seem inadequate when compared to aircraft
propulsion RE&D expenditures.

Issue: Engine Types

In engine types for higb-performance vehicles, the Army has for
many years been moving toward an all-diesel status. This was a sound
nolicy, based on the fact that the technology for diesels up to 800 hp
vas at hand and the diesel satisfies military specifications. If
requirements are raised to 2000 hp, however, the gas turbine appears as
a scrong competitor to the diesel because of the increasing problem
the diesel has in meeting specific weight and volume limits as power
increases above 800 hp {see Section 3 an¢ Appendix G). In the XM-1
program, there is a diesel/turbine competition at 1300 to 1500 hp,
which results from a stand-cff in the assessment of relative capa-
bilities at the initial design stage. Technology Base guidance on
this issue will not be completely provided by the XM-1 decision,
however. The question that needs answering is--will future mobility
demands require even greater power than the XM-1, which favors gas
turbines, or will the power trend level off or decrease, thus allowing

retention of the all-diesel policy?

Finding: There is a critical need to define future land vehicle
recuirements ir installed power more closely in order to formu-
late a rational Technology Base engine program. A major
deficiency in the current program is that the already meager
resources are split between supporting hich-powered diesels and
equivalently powered gas turbines. A decision to go one way or
the other would help alleviate this problem. A corollary finding
is that in the 203- to 2000-hp range Technology Base activities

related to engines other than diesels or turbines are not needed.
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Issue: Conventional vs. Electric Transmissions

Mobility demands on transmission systems have two majcr effects.
One is the need for going to higher power systems, the other is the
possible need for multipoint power distribution, e.g., for individual-

wheel-drive, articulated vehicles.

The need for higher power systems of standard type (mechanical,
hydromechanical, hydrokinetic) can be met from existing technology.
Considerable development work is needed to adapt to a specific need,
but there is no apparent demand for new technological advances. The
possible need for multipoint power distribution tends to favor electric

transmission systems and needs more consideration.

Finding: In FY 75 the Army has dropped all electric transmis-
sion projects after a steadily decreasing yearly allocation for
many years. There is a need to continue some Technology Base
activity in this area, at least to monitor the rapidly changing
technology in solid-state devices (see Section 3) and as long as

articulated, wheeled vehicles are of possible interest.

Issue: Wheel vs, Track as High-Mobility Thrusters

The wheel and the track are the established thrust devices for
all current lard vehicles. The possibilities of other kinds of
thrusters have continually excited the imagination of inventors, and an
impressive variety of devices have been designed and tested. The
demand for greater mobility tends to fuel this activity but experience

has shown that all except the wheel or track have limited usefulness.

It is common knowledge that the all-axle drive greatly improves
the tractive ability of wheeled vehicles. Further improvement can be
gained by articulaticn and by individual wheel drive. What is pointed
out in Appendix E, however, and is commonly overlooked, is that in
common off-road conditions the wheel is no match for the track in
tractive power capability. The track gets into trouble only where the
soil loses its ability to absorb power, i.e., wet or cultivated soil,

but so do all thrusters, and those with less contact area become
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stelled earlier than the track. Under such conditions the soil is
beginning to act as a liquid rather than a solid and a specialized

type of thruster 15 needed.

Finding: The wheel and the track will continue to be the pre-
ferred thrusters for Army vehicles. However, there is an urgent
need for more careful and exact terrain-operating specifications
for off-road vehicles since it is these specifications and rnot
vehicle design details which determine whether the track or
wheel is to be used. BAs the specified terrain conditions become
more Severe the track becomes mandatory (see Appendix E). On
the other hand, the articulated wheeled vehicle can prcvide
greater agility and speed under less severe conditions. Correct

specifications are thus of critical importance.

Issue: Definition of Mobility Limits

It is clear frcam the above discussion that it ic important to
determine the limits governing mobility. This is a task requiring
combined modelling and experimentation. The Land-Mobility TCP
recognizes the problem as a need to establish a methodology for com-
puting mobility and gives it top priority. In response to this
emphasis, improved terrain-vehicle interaction computer models, and
improved computer-assisted wvehicle design techniques sre being
established. These programs do not exactly answer the questions

posed above, however.

.

Finding: Mobility modelling and analysis are not providing
adequate data on mobility limits, and such data are needed to
guide Technology Base activities. A combined experimental-

analysis program with the following goals is apparently needed:

® Determine if agility rather than speed is the power-
determining factor (as suggested in Appendix E).

e Find what levels of agility/speed give attractive pay-
offe in reduced vulnerability (i.e., quantify the type
of study done in the HELAST project).
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® Determine agility/speed effects on offensive capabilities
and needs.

e Assess, for practical scenarios, what ‘terrain limita-
tions there are on the use of power (extension of
Appendix E).

This program would require building and testing purely experi-
mental vehicles in order to extend and validate the mobility and
design models. The results could then be used to establish
specific power and thruster specifications for evaluating con-
ceptual vehicle designs and for guidance of Technology Base
programs,

Issue: The Family Concept for Component.

A recurrent theme in Army R&D is the advisability of establishing
families of componernts so that new vehicle requirements can be met
with off-the-shelf components. From a cost-saving viewpoint, this
is, on the surface, an attractive proposition. However, in the history
of predeveloped hardware, many examples can be found where this policy
did not work. When the time comes to build a new wvehicle, there are
frequently some special requirements that make the decision to design
a new component more attractive than to use an existing device.

Counter examples can also be found, though generally in small items,

Finding: There is need to study the conditions under which the
family concept in engines, transmissions, and running gear would
be useful. Certainly it would seem necessary to have the results
of the mobility study suggested above before reasonable family
ranges could be determined. Other factors would be the projected
total demand for each family member and an assessment of the risk
of obsolescence through application of new technology at a later
date,.
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5.2 Sea Vehicles

Issue: Emphasis on High-Speed Ships

As with land wvehicles, the primary motivation for improved
propulsion systems for sea vehicles arises from demands for better
mobility. Unlike land vehicles, however, the r:sult is not a demand
for increased size but rather for reduced weight. Propulsion systems
of a few pounds per horsepower and installed power of 100,000 to
150,000 hp are needed for high-speed (>50 knots) oceangoing escorts
(Section 2). The marinized second-generation aircraft gas turbine has
easily met this need in engines. Equivalent needs in transmission
and thrusters are recognized in Technology Base activities and will

be discussed below. The general observation to be made is:

Finding: The demand for high-speed oceangoing ships could not be
met until recently because propulsion systems were too heavy
(Section 3, and Appendix F). The marinized second-generatior.
aircraft gas turbines (e.g., the LM 2500) has changed this
picture in recent years. Since then, virtually all nonnuclear
Technology Base activities in propulsion systems for sea vehicles

have become directed at high-speed ships (Section 4).

Issue: Development of a Family of Marinized Gas Turbine Engines

A gas turbine development program has been initiated by the Navy
to meet future demands for lightweight propulsion systems. This is an
ambitious program that proposes a family of engines and elaborate
test facilities. The engines are to be aircraft derivatives. It
should be observed that the Navy demand for gas turbine engines is
relatively small. A small, high-speed escort like the SES 2000 has
about the same installed power requirement as a large aircraft, e.g.,
the C-5. However, it would be procured in fewer numbers and at a
slower rate than aircraft., A current example is the gas-turbine-
powered DD 963 which uses four LM 2500 gas turbines. If the full
quantity of 30 new ships are procured over the next several years,
the total engine order will be 120 engines plus spares--a low number

by aircraft standards.
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Finding: In view of the low demand situation for marine gas
turbines, a careful study should be made of the cost-effectiveness
of predeveloping a family of engines. A corollary finding is

that there is no perceived need for gas turbines over 40,000 hp
(see Section 2, Size Limits).

Issue: Nuclear Propulsion as a Solution to the Range Problem

The second mobility demand is for range. For fleet submarines
and large ships, nuclear propulsion systems have satisfied that demand,
permitting indefinitely long operations at peak power output and
improved logistic independence. Unfortunately, at the current state
of technology (over 100 1lbs/hp) they are too heavy for escort missions
requiring speeds of over 30 knots (Section 2),

The thrust of nuclear propulsion technology improvements has been
toward longer core life with greater reliability and maintainability
as continuing goals. There is no directed effort being made to reduce
specific weight (Section 4), The reason for this inaction is a
position that the proposed lighter systems will not meet reliability

and maintainability standards.

Finding: A reduction in weight by a factor of two would make
nuclear propulsion clearly superior to gas turbines for escorts
of DD 963 type. A reductinn of weight by a factor of 8 to 10
would make 1wuclear propulsion feasible for high-speed ships of
the SES 2000 type. Such weight reductions are technically
feasible and undoubtedly will appear in time in commercial use
(Appendix G). A directed Technology Base program could reduce
the time to reach lightweight nuclear propulsion systems by a

big factor.

Issue:’ High-power Lightweight Transmission Systems

The push to lighter weight propulsion systems requires reduced
transmission weights also. Traditionally, the Navy has used large,
low-speed shafts and gearing on surface ships. This was consistent

with the large specific weights of conventional steam turbire plants.
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High-speed ships require both a weight reduction of about a factor of

5 and angled drives since it is generally not possible to maintain an

in-line thruster-engine geometry. This geometrical problem has led to
a Technolagy Base program to develop superconducting electrical trans-
mission systems for power levels up to 40,000 hp.

Finding: 1In general, lightweight transmission systems for high-
speed ships require higher rotational speeds, more gearing, and
different types of gears than have been used traditionally in the
Navy. This technology is available at 4000 hp in helicopters

and has been extended to 25,000 hp in design studies (for example,
in the SES 2000 designs). Technology Base attention should be
directed to applying this technology at the power levels required
for Navy applications (up to 40,000 hp).

In pursuing the development of superconducting transmissions,
the trade-off between ac and dc systems at the high-power levels
required should be examined more carefully., It is possible dc

systems may become too heavy as power level is scaled up.

Issue: High-Speed Thrusters

High-speed ships place difficult demands on thrust devices. To
be effective, the conventional propellor must be driven into the
cavitating regime, but this causes erosion problems and reduced ef-
ficiency. As a result, a wide variety of cther thrusters have been
investigated. These range from pure water-jets through air/water
mixtures to pure air propellors. Air is difficult to use because of
the need for a very large, low-speed propellor to achieve reasonable
propulsive efficiencies. Air/water mixtures are better, but the pure

water-jet seems to be the most practical of these devices.

Finding: High-speed ships need supercavitating propellors or

water-jet thrusters. Both these devices are receiving adequate
attention in Technology Base activities (Section 4). The rela-
tively low efficiency of water-jets (~50 percent) is important

because gas-turbine-powered high-speed ships are range-limited
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(Section 2, and Appendix C). In the future, light veight nuclear
power could make this deficiency less important.

Issue: Military Usefulness of Petroleum-Fueled High-Speed Escorts

As noted several times above, the major thrust of Technology Base
programs is to support the development of gas-turbine-powered high-
speed ships. Gas turbines are undoubtedly an advance over conven-
tional steam turbines for escort vessels up to 35 to 40 knots. At
speeds over 50 knots, however, regardless of design, the power require-
ments are such that endurance is limited (Section 2). To achieve
"oceangoing" range, a petroleum-fueled high-speed ship needs a low-
power cruise mode. Unfortunately, all high-speed ship designs have
greatly increased cruise-speed power requirements when compared to a
displacement ship. The trend in high-speed ship design has been toward
the high length/beam ratio SES in a successful effort to improve cruise
power requirements, even at the expense of high-speed power needs
(Appendix D). Even so, these ships will have less range than con-

ventional escorts.

Finding: High-speed petroleum-fueled escorts will require
frequent refueling. The effect of this limitation on possible
missions should be evaluated, but it appears likely that ocean-
goirg high-speed ships will not become practical Navy vessels
until lightweight nuclear power is available in the indefinirte
future, or until hydrocen is accepted as an operational fuel.
If so, then major charges in Technclogy Base emphasis are in

order.
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APPENDIX A

TASK ORDER FOR WORK TO BE PERFORMED
BY INSTITUTE FOR DEFENSE ANALYSES

Preceding page blank
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DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
1400 Wilson Boulevard
Arlington, Virginia 22209

TASK ORDER FOR WORK TO BE PERFORMED
BY INSTITUTE FOR DEFENSE ANALYSES

TASK ORDER T-102 DATE 1 October 1973

ADVANCED PROPULSION SYSTEMS

You are hereby requested to undertake the following Task:
1. TITLE: Advanced Propulsion Systems.

2. TECHNICAL SCOPE: ADVANCED PROPULSION SYSTEMS. The purpose of this
project is tou conduct a survey of advanced propulsion systems for new
types of land vehicles, ships and submarines. This survey will be used
to provide inputs to the TCPs on surface vehicle technology and on

topics relating to advanced prcopulsion and power 3systems. It will
define the current state of-the-art, point out attractive opportunities
and indicate gaps in the existing program. A srudy of the feasibility
and military utility of light weight, wheeled air cushion wvehicles will
be completed. Propulsion end power systems analysis for small submarines
will be completed.

3. SCHEDULE: The advanced propulsion systems technology survey and
reports which provide input to the Surface Vehicle Technology Coordinating
Parer are estimated to require one man-year of effort.

4., ODDREE COGNIZANCE:
a. GOverall cognizance of this Task is within the Office of the
Deputy Director, (Research and Advanced Technology), ODDRSE.
b. Subtask ass. ,nments will come under the cognizance of the
Assistant Director, (Engineering Technology).

5. CSCALE OF EFFORT: One man-month per month average.

6. REPORT DISTRIBUTION AND CONTROL: All report distribution will
be ~ontrolled by the office of technical cognizance.

7. SPECIPIC INSTRUCTIONS AND LIMITATIONS: None. Changes in scale of
effort will not be made without the consent of DARPA.

Preceding page blank
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A "need-to-know" is hereby established in connection with this Task and
access to information in the field of this Task is authorized for
participating personnel and such supervisory and advisory personnel as
deemed necessary. Department of Defense support, such as access to
classified documents and publications, security clearances, and the like,
necessary to complete this Task, will be obtained through the Director,
DARPA.

/s/A.J. Tachmindji
for S.J. Lukasik
Director

ACCEPTED: /s/Alexander H. Flax
President, IDA

DATE: 1 October 1973
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APPENDIX B

VEHICLE AND PROPULSION SYSTEM DATA

Tracked Army Vehicles

Wheeled Army Vehicles

Navy Displacement Ships

High-Speed Ships

Operating Propulsion Systems--High-Speed Ships
Army Vehicle Inventory--Vehicle Description

Army Vehicle Inventory (Approximate Quantity & Cost of
Vehicles)

Diesel Engine Data

Data Sources:

Handbook of Army Material (Ref. C-3).
4.S. Army, Characteristic Data Sheets (Ref. C-5).
Jarne's Fighting Ships 1974-1975 (Ref. C-4).

Diesel and Gas Turbine Catalog, Milwaukee, Wis.,
Diesel and Gas Turbine Progress, 1972.

Land Mobility Technology Co-ordinating Paper, .1l Nov. 1973.

Jane's Surface Skimmers: Hovercraft and Hydrofoils,
New York, McGraw Hill, 1972.

E. Quandt "An Overview of High Performance Ship Propulsion
Systems"™, a paper presented at the 3American Ordnance
Assuciation Meeting, NSRDC, Carderock, Maryland, 8 May 1973.
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Descrigtion

Tractor

Tractor

Tank

SP Gun

SP Gun

Tank

Recovery Vehicle
SP Gun

SP Gun

SP Gun

APC

Tank

Tank

APC

Amphibian
Mortar

Recovery Vehicle
SP Gun

SP Gun

SP Gun

SP Gun

SP Gun

APC

APC

Cargo

Mortar Carrier
SP Gun

Carrier

SP Gun
Articulated Carrier
Carrier
Recovery Vehicle

i TABLE B-1. TRACKED ARMY VEHICLES
i Weight Power Specific Power
[} Designation  (1bs) (hp) (hp/ton)
= M 4 31,000 190 12
i} M 8 45,000 500 22
M 41 51,000 500 20
M 42 49,000 500 25
E{ M 44 63,000 500 16
, M 48 95,060 810 16
M 51 120,000 980 16
= M 52 53,000 500 19
13 M 53 96,000 810 16
4 M 55 90,000 810 18
Py M 59 43,000 146 7
i M 60 101,000 750 15
E i1 M 67 105,000 810 15%
b M 75 41,000 375 13k
o M 76 12,000 135 22
1 M R4 47,000 146 6
M 38 112,000 980 17%
M 106 25,000 215 17
i M 107 62,000 405 13
b M 108 40,000 405 18
M 109 52,000 405 15%
‘ M 110 58,000 405 14
2 M 113 24,000 194 16
M 114 15,000 160 21
M 116 10,000 160 32
M 125 24,000 194 17
M 132 23,000 194 17
‘ M 548 13,000 215 33
M 551 34,000 300 18
M 571 8,000 86 21%
M 577 23,000 194 17
: M 578 54,000 425 16
)
g
¥
P Preceding page blank
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TABLE B.2.

WHEELED ARMY VEHICLES

s L R

? Cross-

{ Country Specific

g Weight Power  Power

: Designation (1lbs) (hp) (hp/Ton)

] M 39 30,000 224 15.0

3 M 44 18,000 146 16.2

% M 123 59,000 300 10.2

5 M 151A1 3,200 71 44 .7

i M 520 40,800 213 10.4

g M 553 47,300 213 9.0

1 M 559 4,550 213 9.4

: M 561 10,200 98 19.2

. M 656 27,000 200 13.5
M 715 8,500 133 30.0
M 746/7 193,000 600 6.5

102

DescriEtion

5-Ton Chassis, 6x6
2%~Ton Chassis, 6x6
10-Ton Tractor, 6x6

Jeep
Goer
Goer
Goer

Gama

- %-Ton Truck, 4x4

- 8-Ton Truck, 4x4

- Wrecker

- Tanker

Goat - 1%-Ton Truck, 6x6

5-Ton Truck, 8x8
1%-Ton Truck, 4x4

Heavy Equipment Transporter
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TABLE B-3. NAVY DISPLACEMENT SHIPS

o |

’E Specific Lt(a?gt):h Top
R Power Water Speed . Weight Power
Ship (hp/ton) Line Overall (knots) (Long Tons) (hp) Remarks
% Destroyers
/“ DD 931 17.5 4i8 33 4,000 70,000 14 in Class
DDG 31 16.9 418 35 4,200 70,000 4 in Class
i% DDG 2 15.6 437 35 4,500 70,000 23 in Class
DDG 35 15.4 493 35 5,200 80,000 2 in Class
T |
i% Escortes
DLG 6 14.7 513 34 5,800 85,000 10 in Class :
ii DLG 16 10.9 533 34 7,800 85,000 9 in Class ;
3 DLG 26 10.7 547 34 7,900 85,000 S in Class
- DD 943 106.0 S60 33 8,000 80,0n0 Possible 30 in Class
il i
i3
DLCN 25 7.0 550 S65 30 8,en0 £0,C00 Nuclear
il DLGN 35 E4S 564 30 9,200 60,000 Nuclear
i>3 DLGN 38 6.5 585 b 10, nnn 65,000  Nuclear j
3 DLGN 36 6.4 596 30 10,200 65,000 Nuclear g
i
Cruisers ;
i3 oG 10 6.9 664 673 33 17,500 120,000 3 in Class 3
3§ CLG 3 6.9 600 £10 32 14,600 100,000 6 in Class 4
b \
g } CCN ¢ 4.0 721 3N 17,400 80,000 Nuvlear
.
i Carriers
¥ CVA 41 3.3 900 979 33 64,000 212,000 3 in Class
- CVA 59 3.0 990 1,039-47 35 78,000 280,000 4 in Class
1 CVA 63 2.9 990 1,087-72 35 80,800 280,000 3 in Class
L CVAN 65 3.1 1,040 1,123 35 89,600 280,000 Nuclear
T4 CVAN 68 2.9 1,040 1,092 35 91,400 280,000 Nuclear--Possible 3 in Class
4w
ov
s
o 103
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TABLE B-4. HIGE-SPEED SHIPS
Gross Sea Top
Designation | Pcwer Weight | State | Speed | hp/Ton Remarks
Hydrofoils
PCH-1 6,600 120 Calm 48 55 High Point Built
AGEH 28,000 520 Calm 87 87 Plainview Built
PGH-1 3,600 58 Calm 50 62 Flagstaff Built
PGH-2 3,200 58 50 55 Tucumcari Built
PHM 16,000 231 50 70 NATO Missile-
Armed Patrol
Boat
Surface Effect Ships
Low L/B 135,000 | 2,200 0 85 60 Designed
3 68
High L/B 23,000 | 1,000 0 46 23 Estimates
3 38
48,000 | 2,000 0 52 24
5 45
105,000 | 4,000 0 58 26
5 51
250,000 |10,000 0 62 25
3 58
Air-Cushion Vehicles
7380 .
Voyageur 3,400 45.5 0 58 75 Built
7501 .
viking i, 760 16 0 58 105 Built
SR-N3 3,900 41.5 81 93 Built
SR-N4 13,600 202 75 67 Ruilt
BH.7 .
Wellington 3,400 57 0 75 60 Built
SES 100A 11,200 126 0 92 89 Built
SES 100B 13,500 165 |, © 92 128 Built
JEFFA 18,800 170 0 50 110 Designed
JEFFB 18,800 177 0 50 105 Designed
104 Page 1 of 2
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1 i; TABLE B-4. (Continued) HIGH-SPEED SHIPS

| - Gross Sea | Top %

: i; Designation| Power | Weight | State| Speed| hp/Ton Remarks 3
- Multihull Ships 2
: 4
il SWATH 65,000 | 2,370 39 27 :
- 60,000 3,000 34 20 Estimates E
i 62,G00 5,550 29 11

Planing Craft

f
d PG-84 16,900 225 0 45 75 Built
. CPIC 6,000 75 0 45 80 |Built
2‘ SSP 6,400 190 0 25 34  |Designed
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tlemental Systems

Combat vehicles

- Tactical {in-
. cluding trans-
. port) wehicles

Special purpose
vehicles and
equipment

Materials handling
equ T pment

- Engineer corstruc-
tion vehicies and
equ ipment

Ly -crassing
vehicles gnd
equiprient

Autamotive
chemicals

(ounterbarrier
equipment {in-
cluding counter—
mine)

Expedient enyiron-
ment modification

*Mission includes loaistical support. Vehicles may be either tracked or wheeled, with varying levels of cross-country mobility, water-crossing

capability and environmental tolerance.
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TABLE B-6.

ARMY VEHICLE INVENTORY--VEHICLE DESCRIPTION

Mission

Existing and frocectes Syytems

Current: 1973-1§7%

Peiterreds  1937.19%7

Designed for a specific fighting
purpose. Provide a high degree
of cross-country mobility, armor
protection, and firepower for
filling various <ombat roles.

Armored reconnaissence scout vehicle (4850,

Armored reconnaissarce airporre assault vericie (48440

Main battle tank (MBT}.

Combet engineer vehicle (CEV).

Mechanized infantry combat vehicle (MilV}.
Self-propelled artillery.

Anti-tank.

Rir defense system,

Missile rocket artillery.

Fran am]
et tark,

tlevated ~ise1le launcner.
ATV weanors syste~ (A0 wS-97).
Low-3titude 31v defense gur
ssster {LOTAAZS),

Rapid-fire area saturation
system (RFLSS),

Sel€-propelled artillery,
¥issile system tarcet 117umira-
tor controlled’elevated tarset
acquisition system (¥ISTiC’
ELTAS).

Designed primarily for use b-

forces in the field in J5. ect
cannection with or surgort of
combat or tactica. operations,

High-mobility wheeled.

Stanfard mobility wheeted.

Armo~ed personnel carrier (APC}.

Cargy carrier.

Comm3rcial vehicles (which may 111 any cateqory of
mobility--high, standard, 0. support}.

Tactical high-mobility wheeled
vehicle fleet,

Tacrical standard mobiliv.
wheeled vehicle fleet.
Cormercial vehicles,

High robifity tracked utility.

Mobility support.

Recovery vehicles.

Snow vehicles.

Missile loaders.

Container transporter.

Fluic transporter.

Ambu'ance.

Wrecker,

Trailer transporter.

smali tactical air-mobile platform (STAMP).
Heavy equipment transporter.

Sheps, shelter vans.

Electric equipment carrier.

Traflers and sleds.

Lighter, amphibious, resupply, carno (LARCS).
Landing vehicle, personnel, tracked (LVTP-7),
Lighter, wmphibian, 25-ton (Voyager).

Aerial platforms.

Advanced a~phibian assaualt
landing vehicle.
Trans-hydrocraft.

Lighter, amphibious, 60-ton, ACV.
Lightweight, maintenance/
recovery vehicle,

Handle, stack, move, and other-
wise manipulate military supplies
of 311 types.

Fork 1ifts,

Initi-ation system.

Transoortation equipment.

Contral and identification equipment.
POL hwndling systems.

Ship mooring and off-loading equipment.
Pipelines.

Conta'rers.

Rolliag fluid transporter,

Poynketerrain carap handler,
Prepeckaned support facility.

Construction, maintenance, and
repair of facilities to support
military operations.

Combat support.

Helicopter transportable.
Rough terrain cranes.

Heavy construction equipment,

flectric-drive farilv,
Comrercial family, fCL.

#1low passage of forces across

Armored vehicle launcher-bridge family.

wet and dry gaps, rivers, and Mobils assault bridge ferry. 1.5, 1K, FRG bridae syster,
other inland waterways with- Floating bridae. 1683,
out loss of momentum, Fixed tact: ridne.
Rafts.
Necessarily employed by land Fuels. Substitute fuels,
mobility vehicle and equipment Lubricants.
to permit achievement of their Power transmission fluids.
mission or task, Compounds .

Nullify natural and enemy emplaced
barriers to permit access to
areas denied.

Combat and combat su,port vehicle equipment.
Dismcunted unit support

fuel-air explosive, FAE.

Foam-in-place mats.

Advirced minedetectors.

Mine removal plows, PLOW

Counterbarrier systems,

fxpedient road construction, re-
construction and mainterarce to
provide a path for military
groufd mobility.

Exped ent surface.
High-speed excavators.

Surfacing process.
Ground treatment.
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TABLE B-7., ARMY VEHICLE INVENTORY
(Approximate Quantity
and Cost of Vehicles)
1971 Dollars
Major Group Vehicle Class Quantity | (Milliens)
Combat Vehicles Tanks 2,000 2,000
2,5% of number Scout & Reconnaissance 4,000 200
31% of dollars SP Guns 3,000 500
Others:
Airborne Assault 4,000 400
Combat Engineering, etc.
Tactical & Trans- High-Mobility Wheeled 40,000 800
Pert, Wieluales Standard-Mobility Wheeled | 300,000 3,000
45% of number Tracked 20,000 800
43% of dcllars
Nontactical Limited-Mobility Com- 150,000 600
19% of number mercial
6% of dollars
Highway Construc- A1l Types 40,000 900
tion
5% of number
9% of dollars
Special-Purpose Recovery 10,000 600
1.3% of number River Crossing, etc.
6% of dollars
Trailers All Types 220,000 500
28% of number
5% of dollars
TOTALS 800,000 10,300
Preceding page blank

111

it 0 s AL

S g,

A et T, S R

- ki sex A i,



Maker

Mercedes
Benz

Herculies

Detroit
Diesel

TInter-
national

Cummins

Type

cM
oM
oM
oM
oM
MB
MB
MB
MB

636
314
352
S
346
846R
833n
837A
838A

D 3000
D 1700

DJ
DJ

60
120

€ u53
6-71
6-71(M)
3-53
4-53
4-71
BVS53
8v71
12v71

MD
MD
MD

301
361
188

C180
V8185
C190

Ve~

200

TABLE B-8.

DIESEL ENGINE DATA

Number of Weight  Horse- Lb/ hp/
Cylinders (Pounds) power hp Cylinder
4 855 36 9.8 9
4 660 62 10.6 15
6 850 95 Sl 16
6 1,500 122 10.7 20
6 1,700 150 11.6 25
6 3,920 240 16.4 40
6-v 2,610 270 i 45
8-v 3,100 360 .6 45
10-v 3,710 450 8.2 45
6 780 114 6. 19
3 570 50 11.4 13

2 270 14,6 18

4 438 27.5 16
6 1,540 1915 s 33
6 2,150 238 40
6 2,740 280 9. 47
3 1,005 101 10 34
4 1,190 140 8.5 35
4 1,750 160 11 40
8 1,200 247 7.7 31
8 2,345 2e> 33
12 3,300 475 7 40
6 1,150 95 12 16
1,700 103 15 19
4 850 60 14 15
6 1,660 180 9.2 30
8 14 20 185 6.5 23
6 14670 190 8.7 32
6 1,690 200 8.5 3%

112 Page 1 of 3
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TABLE B-8. (Continued) DIESEL ENGINE DRTA

Number of Weight  Horse-  Lb/ hp/
Maker Type Cylingers (Pounds) power hp Cylinder
Cummins  VB8E=-235 8 2,080 235 8.7 29
(Cont'd) yye_25g 6 2,460 250 9.8 42
V8-265 8 2,080 265 7.9 33
Vv 903 8 2,160 320 6.7 40
Conti- r227 6 501 84.5 6.0 14
nental  pogs 6 564 95.5 5.9 16
M330 b 800 118 6.8 20
B427 6 950 137 7.0 23
G-176 4 520 65 8.0 16
Y-112 4 290 33 8.7 8
2-145 4 410 54 7.6 13
L-278 6 1,435 178 8.0 30
G-193 4 525 70 7.5 17
2-134 4 340 50 6.8 13
SEMT PCL Series 24 500
PCV Series 19 500
Dorman 4D A/M 4 825 31
6D A/M 6 1,050 46
Jenbach JW Series 1 30 50
i8 50
4 13 50
Multi: idi.e. >4 10 50
4M Series 4 22 125
17 125
15 125
12 13 125
Selzer 240148 27 550
RD 56 6l 910
Page 2 of 3
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Maker

Selzer
(Cont'd)

Ruston

Deutz

Lycoming

TABLE B-8

(Continued) DIESEL ENGINE DATA

Number of Weight  Horse-  Lb/ hp/

Type Cylinders (Pounds) power hp Cylinder
RND 76 67 2,000
RND S0 62 2,900
RND 105 65 4,000
RO Series 6, 8, 9 20 500

12 17 500

16 16 500
F1L 410 1 242 13 19 13
F2L 410 2 330 25 13 13
F2L 812 2 584 26 22 13
F3L 812 3 661 45 15 15
F4L 812 4 694 60 12 15
FeL 812 6 304 90 10 15
F4M 716 4 1,700 140 12 35
FeM 716 6 2,282 210 11 35
F8M 716 8 3,274 250 13 31
F12M 716 12 4,012 420 10 35
BV6M 540 6 54,013 2,400 23 400
BV8BM 540 8 67,240 3,200 21 400
BV12M 540 12 84,770 4,800 18 400
BV16M 540 16 104,719 6,400 16 400
W2l 1 112 28 4
W51 1 150 25 6
W62 1 216 24 9
W71 1 217 11 RE) 11
W32 2 306 18 17 S
w42 2 313 20 1o 10
w34 4 433 56 12 g
w44 4 433 40 1) 10

Page 3 of 3
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APPENDIX C

GENERAL VEHICLE CHARACTERISTICS AND PROPULSION SYSTEM NEEDS

CONTENTS

=

i

C.1 Approach

C.2 Performance Characteristics
¥ C.3 Weight Distributions

= C.4 Vehicle Costs

r*‘ REFERENCES
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APPENDIX C
GENERAL VEHICLE CHARACTERISTICS AND PROPULSION SYSTEM NEEDS

C.1 APPROACH

The purpose of this Rppendix is to examine those general charac-
teristics of high-performance military surface vehicles which determine
propulsion system requirements. The goal is to be abie to write
general specificaticns for the propulsion system in terms of power
output, weight and volume requirements for classes of vehicles without
the necessity of going into detailed design. Such an analysis is
necessary for guidance and assesswent of Technology Base activities,
Since by definition thes2 programns are not related to an actual hard-
ware development. The approach that is used here is to evaluate the
overall constraints in designing a generalized vehicle and to refer to
actual design experience for the results of trade-offs Letween con-

flicting demands.

The generalized vehicle concept is shown in Figs. C.1 and C.2
together with the notation that will be used. BAs a general rule,
capital letters are used for the individual quantities and lower case
subscripts for the specific identification or location of the quantity,
e.g., W = weight, we = engine weight. The relationships between
component characteristics, vehicle parameters and vehicle performance
specifications are not complicated. Care must be taken, however, to
identify quantities properly. For example, "propulsive power" as
commonly used can mean either the power output of the engine, Pe’ or
the power delivered by the thruster, Pt = Pe nxnt' Symbols rather
than descriptive words will be used in the text to avoid these possible

areas of confusion.

Preceding page blank
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ENERGY
FLOW

3-11-75-5

W = WEIGHT

GROSS WEIGHT

FUEL =f

PAYLOAD =4

ENGINE = e

et —— v c—— c—

THRUSTER =t '

STRUCTURE = s

1
PROPULSION |
SsYSTEM=p ¢ |

DISPOSABLE
LOAD =d

l

EMPTY
VEHICLE = o

TOTAL VEHICLE = v
EFFICIENCY = 0

FIGURE C-1, Vehicle Concept and Notation Method

BASIC STRUCTURE

w

v

3-41-75-6

STRUCTURE CONTROL SURFACES
W
FUEL TANKS
EMPTY WEIGHT
We ENGINES W
[ Lade Kl ko X X X il 1 e
} .
- i POWER TRAIN i TRANSMISSIONS = Wx
ol ¢ | THRUSTERS = W
ﬂ' e oa | U
2ly = | (AND SUSPENSIONS)
ol FUEL |
a : '
| We i
e - NAVIGATION EQUIPMENT
DISPOSABLE LOAD AT
Wy
ARMOR
PAYLOAD PERSONNEL
Wy
HOTEL ITEMS
STORES
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USEFUL LOAD (TRANSPCORTS)

FIGURE C-2, Weight Breakdown and Noinenclature
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In addition, the parts of the vehicle must be defined as shown

in Fig. C.2. This creates some difficulties in referring to specific
design results since it is not always possible to convert other weight
breakdowns exactly to the ’ne required here from the information that
is given. One major distinction that should be noted is in the defini-
tion of payload. The ground rule adopted here is that payload consists
of everything the vehicle carries that does not directly contribute to
its ability to operate as a moving platform.

C.2 PERFORMANCE CHARACTERISTICS

To analyze the propulsion system needs for this generalized
vehicle, the only performance characteristics that are needed are the
specific power (Pe/wv) and the specific resistance (Pcr/wvvcr) of the
vehicle. It was pointed out by Karman and Gabrielli (Ref. C.1) that
specific power is a measurz of top speed and specific resistance is a
measure of transport efficiency for all kinds of vehicles. Since that
paper was published 25 years ago, these parameters have been used by a
nutber of authors (e.g., Ref. C.2) to evaluate &nd compare vehicle types
in a general way. The approach used here is to note that these vehicle
parameters depend only on the specific weight and the specific fuel
consumption of the propulsion system, and on the weight distribution

in the vehicle as & whole.

The range of values of specific resistance and specific power is
shown in Fig. C.3 for a wide range of vehicles. This is the type of
data used in Ref. C.1 and it should be noted that the lines are
boundaries of attained values for classes of vehicles and are not
performance curves for a given vehicle. The point to be made here is
simply that specific power and specific resistance are predictable
performance parameters for a given class of wvehicles. The ranges of
these parameters of interest for future military surface vehicles are

discussed in Section 2,
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C.3 WEIGHT DISTRIBUTIONS

g

The remaining data that are needed are the limits on the weight

fractions that can be assigned to the propulsion system for high-

Bz
W

performance military vehicles. From an examination of design results
from a number of sources (Refs. C.3, C.4, C.5, C.6) the follcwing
general limits appear:

A'z

&
e

= For all high-performance wehicles

k ® There is an upper limit of wp'wv = 0.40 for all military

- vehicles, It should be noted that many racing vehicles have

1 wp/wv greater than 0.40 but they characteristically carry
very little payload. The reason for the lower limit on

i military vehicles is that they must carry a reasonable payload
fraction or they become too expensive *“o acquire and operate

i as a class of wvehicles,

For sea wvehicles

i e TIn displacement ships the upper limit is approached in small
i oceangoing combat ships. To meet range requirements these
23 vessels need wf/wv = 0.20 to 0.25, leaving 15 to 20 percent

of wvehicle weight for the rest of the propulsion system, i.e.,
i engine, transmission and thruster. As displacement ships get
larger, specific power requirements are reduced and wp/wv can {
i be reduced to reach about 0.10 in carriers.
i e Tn high-speed escort designs maximum values of wp/wv are needed
- together with maximum wf/wv allowances. Dsasigns have allocated
about two thirds of propulsion system weight to fuel, leaving
10 to 15 percent of vehicle weight for the engine, transmis-

sion and thruster combined.

e 1In coastal high-performance ships, range is not so impertant.
As a result, fuel requirements are reduced and wp/wv has a
maximum value of 0.30. For the special ship-to-shore mission,
range is even further reduced and payload requirements in-

s creased, to give wp/wV,~ 0.20.

o

v e st
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For land vehicles

® Heavy tracked vehicles hawve wp/wv,~ 0.35. However, the track
and suspension are very heavy. Typically, wt/wv = 0.20 or
slightly more. This leaves about 15 percent of wv for engine,
transmission and fuel. Range requirements are small and fuel
is unly 2 to 3 percent of wv.

® FPrr light tracked vehicles wp/wv can reach 0.40, which allows
up to 20 percent of wv to gc¢ for engine, transmission and fuel.

® TFor high-mobility wheeled vel'icles the thruster is much
lighter, wt/wv 2 0.10. However, these are support vehicles
and to optimize payload capabilities wp/wv is held to about
0.25. Hence about 15 percent of wv is allowed for engine,

transmission and fuel.

These weight distribution limits can be used with specific power
requirements to get specific weight ranges for acceptable propulsion
systems, as is done in Table 2-6. 1In addition, in conjunction with
specific power requirements, they can be used to relate range and

specific fuel consumption as discussed in Section 2.3,

C.4 VEHICLE COSTS

Costing by weight is common practice within a given class of
vehicles, However, in comparing widely different types of vehicles
costing by weight runs into difficulties. For example, how can an
8,000-ton frigate cost more than a 400,000-ton supertanker? One
observation is that the frigate has roughly twice the installed horse-
power of the tanker and, since it is only 1/50 of the gross weight
of the tanker, it has a specific power 100 times that of the tanker.
In addition to the direct cost of buying and installing more power,
the vehicle with high specific power must be built much more ruggedly
without exceeding structural weight fraction limits (a maximui: of around
0.35 wv). This forces use of more expensive structures for high-
powered vehicles, For example, the high-speed escorts (>50 knots)

are forced toward aircraft techniques for much of their structure.
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It is proposed here that specific power is an effective measure
of these higher costs. This leads to a formulation of acquisition
costs in this way

Basic cost Added cost
Vehicle Cost = [proportional to} + { proportional to

empty weicht specific power
which takes the explicit form

\‘Id P
_ o) -0.33 e

\% v

where Q is the number of vehicles built and the constants were
determined by correlating vehicle acquisition cost data as shown in
Fig. C.4.

These results are intended only to provide a first-order estimate
of vehicle costs for eva'mating conceptual vehicles. Note that for
high-powered vehicles whicn are built in small quantities the second
term of the cost estimating equation dominates, while for low-powered
vehicles the first term dominates. Thus in comparing the frigate and
the supertanker we see that the cost or the frigate is largely
determined by its power requirements, while the cost of the tanker is
mainly due to its large structure. Other implications of this
formulation of cost factors are discussed in Section 2.4.2, Cost

Limits.
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FIGURE C-4. Acquisition Costs for Bare Vehicles
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POWERING SEA VEHICLES
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D.1 INTRODUCTION

i} The parameter specific thrust power (i.e., thrust hp/ton) is
plotted as a function of speed, with gross weight as a parameter for

} a number of sea vehicles in Figs. D.l, D.Z, and D.3. The same

results are cross-plotted for specific thrust power as a function of
i gross weight wich speed as a pzrameter in Figs. D.4, D.5, and D.6.

Thrust power per ton of gross weight, Pt/wV is defined as

= W = W__—m 3 (D-l)

11 where
P_ = thrust power (in horsepower) at speed VK*
P = engine power output at VK

= overall transmission and thruster efficiency

. W = gross weigkt in long tons

N A AT SR ptte

al *Note that *he term thrust power, as used in this report, is the power
2 delivered ty the propulsors (including lift fans, if applicable). It
SR therefore differs from the definition of thrust power as used by the
Naval Architect which includes some of the power changes caused by
the interaction of the propulsor with the hull of the wvehicle.

Preceding page blank
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speed in knots

| ¢
DT = total drag, in 1lbs, of the vehicle (new) with no appendages —i
such as rudder, shaft supports, roll-control devices, etc., -
included. {

The omission of the drag of the items listed in the definition

of DT means that the thrust power data plotted are underpredicted g
compared to reality. The extent of this underprediction may amount
to 30 percent or more of the bare hull drag for small, high-speed
vehicles. The drag definition also excludes the effect of fouling.
Even with modern antifouling paints, the drag of sea vehicles will
increase 15 percent to 20 percent over a period of two years out-of-
dock. The drag data used in this report apply to new, freshly o
painted hulls, !

Seven vehicle types are included in the Pt/wv plots of Figs. D.1, o

D.2, and D.3. The semi-planing vehicles (Series 64) are not .ncluded -
in Figs. D.4, D.5, and D.6. For one of the vehicle types, the Surface j
Effects Ship (SES), data are shown for two different length-to-beam L

(L/B) ratios and for three different values of the vertical clearances,

h, between the water surface and the bottom of the closures forming {
the forward and aft ends of the air cushion (see Section D.7). For

the Air-Cushion Vehicles (ACV), data are shown for two values of the -]
vertical clearance (see Section D.6), )

Each of the curves represents a single vehicle type and a single

* "

configuration of that type. In other words, minimum drag forms at
each speed or at each gross weight were not used in forming the drag
estimates. Rather, for each vehicle type (except the SESs and the
ACVs) a single configuration representing a reasonable compromise over
the whole range of speeds and gross weight was selected. The particu-
lars of the configurations selected for each vehicle type are included
in Sections D.2 through D.7.

Note that no single standard was used in selecting the configura-
tion for each vehicle type. For example, the configuration selected
for the surface ship (Section D.2) is a practical, but not an
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eminently low-drag, configuration. In contrast, the configuration
used for the semi-planing ship with its exceptionally low volumetric
coefficient is not a practical configuration. Nevertheless, it
represents a limit of what can be achieved with more or less con-

ventional ships at high speed.

For all vehicle types, vehicle size was related to vehicle gross
weight (or vice versa) by a standard rule. This rule is that each of
the vehicle dimensions of the larger vehicle is A times larger ttan

the corresponding dimensions of the smaller vehicle where

r o=t (D.2)
and where
A = scale ratio for linear dimensions (larger to smaller)
WL = weight of larger vehicle
WS = weight of smaller vehicle in same unit as WL.

This rule is mandatory for buoyantly supported vehicles like
ships and submarines if geometric similitude among vehicles of dif-
ferent sizes is to be maintained. It is not mandatory for geometric-
ally sirilar hydrofoils, planing craft, ACVs or SESs. However, it was
used for these vehicle types as well as ships and submarines, as will

be shown in the following sections.

D. SPECIFIC POWER FOR SURFACE SHIPS AND SUBMARINES

The basic equations for the lift-to-drag ratio (W/DT) of buoyantly
supported vehicles for use in Eq. (D.1l) are given by Eqs. 7.8 and 7.9 of
Ref. D.1. Section 7.2, "Buoyantly Supported Vehicles," of that refer-
ence discusses the effects of changes in velocity and size of both

surface ships and submarines. Equation 7.8 of Ref. D.l is as follows:

W A
_—= (D.3)
2 ’
Dy % Crp sV
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where

\Y

Dy

= gross weight, in 1lbs = A

= buoyant force, in 1lbs = pgv

= underwater volume, in cu ft

= mass density of fluid, in 1lbs secz/ft4
= gravity acceleration, in ft/sec2

= total drag coefficient = frictional drag coefficient plus
residual drag coefficient

= wetted surface area of vehicle, in sq ft

= vehicle velocity, in ft/sec

total drag, in 1bs

Several important effects of Eqs. 7.8 and 7.9 of Ref. D.1 are
observable in Figs. D.1l, D.2, and D.3. These effects are

1)

2)

length.

BAn increase in speed for any size severely degrades w/DT
and increases Pt/wv. The penalty with increasing speed is
much more severe with surface ships than with submarines in

the Froude number (Fn)* range:

0.15=F_ =0.5 ,

but the penalty exists at all speeds with both ship types.
Above a Froude number of 0.5, the percentage increase in
Pt/wv for a given increase in speed is less for the surface
ship than for the submarine. However, the penalty in terms
of actual Pt/wv is still much larger for the surface ship

than for the submarine, even at Pn = 0.5,

*Fn = y/JgL, where V = speed, g = gravity acceleration, L = vehicle

See Table D.1 for relation of Pn to speed for the surface

ships of Figs. D.1l through D.3.
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3) BAn increase in size with no change in speed significantly
decreases Pt/wv for both surface ships and subrarines. At

0.15 = B = 0.5, the benefit is much more pronounced for

mﬁ;
-

surface ships than for submarines, although the overall
beneficial effect persists at all speeds.

VTR R

gadd g
—

TABLE D-1. SURFACE SHIP CONFIGURATION DATA

1R
£ ’ Weight, long tons
E = Characteristic 100 1,000 16,000
-
Pk i Length, water line ft 127 274 588
.k r Beam, water line ft 11.85 25.5 54.9
3
% B Draft, ft 5.95 8.5 18.3
E ) Wetted Area, sq ft 1,693 7,857 26,500
f g Volumetric Coefficient, 3
: Underwater Volume/Length™, c, 0.0017 0.0017 0.0017
L 17 Prismatic Coefficient, Cp 0.64 0.64 0.64
E i L Maximum Section Coefficient 0.925 0.925 0.925
1. Speed at F_ = 0.5, knots 18.9 27.8 40.8

Parent Vehicle

P
Rt

Name --
.. Country --
4 I Reference 1964 S.N,A.M.E, Trans., Fig. 4,
; ' . 380
; 7 Weight --
il Length --
Volumetric Coefficient 0.0017
i Prismatic Coefficient 0.56, 0.60, 0.064, 0.068, 0.072
Beam-to-Draft Ratio 3.00
Midsection Coefficient 0.925

The specific configuration and the data source used for the sur-

L4

face ship of this report are given in Table D-1. The same information
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for the submarine is presented in Table D-2. For surfa.z ships, the
volumetric coefficient c, = v/L3,

where

v underwater volume

waterline length,

L
and the prismatic coefficient Cp = V/LAm,
where

Am = area of maximum section,-

are the two most important configuration descriptors. A low value

of Cp is very beneficial ai speeds in the vicinity of 0.25 = Fo =0.4
and not dominantly influential at other speeds. On the other hand,

a low value of Cv is very important at Fn = 0.4, because of greatly
reduced residual drag, and a high value is preferable at F = 0.3
because of reduced frictional drag. The values of C, and Cp selected
for Table D-1 are fairly close to those of a modern destroyer.
Ordinary surface ships with volumetric coefficients less than 0.0017

are rare indeed (see Section D.5).

On the other hand, because there is no wave drag associated with

submarines, their drag is reduced by large values of C, at all speeds.
This arises from the impact cf CV on wetted surface area. A high value

of CV results in smaller wetted surface per unit gross weight, hence
frictional drag is reduced. For this reason, the submarine CV value
sel cted for Table D-2 is over an order of magnitude larger than that

of the surface ship.

Note that a cubmarine's wetted area includes the top of the: sub-

marine, whereas the wetted area of a surface ship includes only its

sides and bottom. Thus, if the submarine of Table D-2 had a volumetric

coefficient like that of the surface ship, its wetted area would be
about 25 percent larger than that of the surfacc ship. However, with
a CV value of 0.0188 vs. 0.0017 for the surface ship, the submarine

wetted areas are actually less than those of surface ships of comparable

weight.
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TABLE D-2. SUBMARINE CONFIGURATION DATA

Weight, long tons

Characteristic 100 1,000 10,000
Length, ft 57 123 262
Diameter, ft 11.4 24 .6 52.4
Wetted Area, sq ft 1,540 7,150 33,200
Volumetric Coefficient,

vOlume/Length3, CV 0.0188 0.0188 0.0188
Prismatic Coefficient, CP 0.60 0.60 0.60
Parent Vehicle
Name -
Country =
Reference 1960 S.N.A.M.E. Trans., Table 1,
p.631
Weight -=
Length .
Length-to-Diameter Ratio 4.0 to 17.5
Prismatic Coefficient 0.55 to 0.84

Wetted Area --

In comparing the Pt/wv data for submarines with thcse of other
vehicles, including surface ships, it is important to bear in mind
that the drag of appendages is not considered in this report. Sub-
marines with their large control surfaces (for both vertical and
horizontal maneuvering), their large bridge fairwaters, etc., have
larger appendage drag than any other vehicles, amounting to 60 per-
cent or more of the bare hull drag. Thus, the favorable comparison
of submarines to other vehicles in terms of their bare Pt/wV data

should be viewed with caution.

It is evident from Figs. D.1, D.2, and D.3 that among the practi-
cal surface vehicles (excluding the Series 6% of Section D.5), surface
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ships have the most favorable Pt/wV values at low speeds of all the
vehicles considered. They hold their advantage to

17.5 knots at 100 tons
22.5 knots at 1,000 tons
34 knots at 10,000 tons.,

,D,3 SPECIFIC POWER FOR HYDROFOILS

The basic equation for the W/DT ratio of hydrofoil craft and
of airplanes for use in Eq. (D.l) is given by Eq. 7.19 of Ref. D.1.
Section 7.3, "Dynamically Supported Vehicles; Aircraft and Hydrofoils,"
of that reference discusses the effects of changes in velocity and of
size of hydrofoil creft. Equation 7.19 of Ref. D.1 is as :follows:

W 1
'D— = 2 (D.4)
T Cp %oV
W/A L 0
am kpv W/R
where:
W = gross weight, in 1bs
DT = total drag, in lbs
A = lifting surface (wing) area, in sq ft
a = lifting surface (wing) aspect ratio = span/chord
o = mass density of fluid (air for airplanes, sea water for
hydrofoils)
Vv = vehicle velocity, in ft/sec
CD = profile drag coefficient.
o}

The majcr difference between this equation and Eq. (D.3) for
buoyantly supported craft is tne existence of the first term in the
denominator. This term is a reflection of the induced drag of

dynamically supported vehicles which does not exist for buoyantly
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supported craft. As a result of this term, the lift-to-drag ratio of
dynamically supported craft degrades as speed is decreased below

the cruising speed, whereas for buoyantly supported craft, a decrease

in speed always results in improved lift-to-drag ratio. This is evi-
dent in Figs. D.1, D.2, and D.3.

As the speed of hydrofoil craft is further decreased, they cease
to have sufficient dynamic support from their foils and they become
buoyantly supported by the hull. According to Figs. D.1l, D.2, and
D.3, which are based on bare hull thrust horsepower, the transition
from buoyant support to dynamic foilhorne support takes place at the
speeds shown in Table D-2,

TABLE D-3. TRANSITION FROM BUOYANT SUPPORT TO FOILBORNE
SUPPORT ACCORDING TO FIGS, D.l THROUGH D.3

oy g gy ey meedy  feow ey ey ey g

Gross Weight Transition Speed
1 ;i (Tons) Type of Hull (Xnots)
g : 100 Planing 22
i gé 100 Ordinary surface ship 29
e 100 Series 64 34
13 1,000 Planing 24
Y 10,000 Planing 30

B

[ ey |
i

Equation (D.4) shows no evidence of a dependence of W/DT on

s:ze, as long as the wing loading W/A is held constant. As discus-
sed in Ref. D.1, the wing loading wvalues for hydrofoil craft had an 1
upper limit of about 1,400 lbs per sq ft imposed by cavitation con- ;
siderations. This is the value used in this report (see Table D-4),

With a fixed value of wing lonading, Figs. D.1, D.2, and D.3 show the
same specific power values for hydrofoil craft of 100 tons, 1,000
tons, or 10,000 tons.

SR e 23

in this report. Note the very low Cv value of the hydrofoil craft 3

NP

hull assumed for the parent vehicle in order to achieve as low a

143

g
E
o
I " ible D-4 describes the configuration of the hydrofoil craft used 4




et AT I s R e A

T T Y ST N L R

take-off power as possible. 1In this tablz, the relation between size
and weight given by Eq. (D.2) is used to determine the dimensions of
the hydrofoil hull. However, Eq. (D.2) is not used to determine the
wing area which is determined rather by the limiting value of W/A of
1,400 1lbs/sq ft.

TABLE D-4. HYDROFOIL CONFIGURATION DATA

Weight, long tous

Characteristic 109 1,000 10,000

Length, water line ft 140 305 650
Beam, ft 23.8 51.4 110
Volumetric Coefficient,_ Underwater

Volume at Rest/Length3, &y 0.00127 0.00127 0.00127
Frofile Drag Coefficient 0.02 0.02 @02
Wing Area, sq ft 160 1,600 16,000
Wing Loading, 1bs/sq ft 1,400 1,400 1,400
Wing Aspect Ratio 3.0 3.0 3.0

Parent Vehicle

Name : AGEH (Plainview)
Country United States
Weight 318 tons
Length 206 ft
Beam 35 ft
Volumetric Coefficient 0.00127
Wing Loading 1,400 1lbs/sq ft
Wing Aspect Ratio 3.0
Profile Drag Coefficient 0.02
Speed 45 knots

It is evident from Figs. D.4, D.5 and D.6 that hydrofoil craft
show favorable values of Pt/WV in relation to other craft only in

small sizes and at mocdest speeds. Because of cavitation consideratiors,
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currently feasible hydrofoil craft are limited to speeds of 50 knots
or less,

D.4 SPECIFIC POWER FOR PLANING CRAFT

Planing craft differ from other dynamically supported craft in
several major respects, One obvious difference is that planing
craft do not employ special lifting surfaces to develop the necessary
hydrodynamic lift; rather, they rely on their hull bottoms to develop
lift. A second, more subtle difference concerns take-off speed.
All dynamically supported craft gradually change their mode of support
as their speed increases from zero. However, the speed at which an
airplane ceases to be groundborne and becomes completely airborne or
a hydrofoil ceases to be hullborne and becomes completely foilborne,
is readily observable and predictable with some precision in practice.
Such is not the case with planing craft; the speed at which they cease
to be buoyantly supported and become completely dynamically supported
is neither readily observable nor predictable with precision. Based
on empirical evidence, the approximate speed at which a planing craft
becomes completely dynamically supported corresponds to a volume
Froude number* of 3.5.

Because of the constraint on shape imposed by the necessity for
the hull bottom to be the lifting surface, planing craft have very
high drag while buoyantly supported. This is clearly evident from
Figs. D.1, D.2, and D.3. While planing craft do have less drag than
surface ships at high speeds, their performance in that speed range is

poor in relation to all vehicle types, except surface ships.

Table D-5 gives complete data nn the planing craft used in this

report. Equation (D.2) was used to determine all linear dimensions,

*The volume Froude number is defined as F, = V/J§51/3, where V is the

planing craft underwater volume when the craft is at rest. Since
planing craft are buoyantly supported at zero and low spzeds,

W = pgv so that E, = v/[(g/p)gW1*/.
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areas and volumes. As a result, the loading parameter W/A is not
constant with vehicle weight as it was for hydrofoil craft but rather

increases with increasing vehicle weight directly with the scale ratio

determined by Eq. (D.2).

TABLE D-5. PLANING CRAFT CONFIGURATION DATA

Characteristic

Length, water line ft
Beam, ft

Volumetric Coefficient,
Underwater Volume/Length™, C,

Projected Total Bottom Area, A,
sq ft

Loading Parameter, W/A, lbs/sq ft
Speed at Fg = 3.5, knots

Parent Vehicle

Name
Country

Reference

Weight
Length, water line
Mean Beam

Volumetric Coefficient,
volume/Length3

Projected Total Bottom Area

Weight, long tons

100 1,000 10,000
78 168 362
25.5 54.8 118
0.00736 0.00736 0.00736
1,640 7,610 35,200
185 294 637
458 67.3 98.9

1963 S,N,A M,E, Trans., p. 495,
Model 4666; W,A,I,V,, Table 7.3,
Vehicle No. 2

318 tons
114.7 ft
37.5 ft

0.00736
3,560 sq ft

D.5 SPECIFIC POWER FOR SEMI-PLANING SHIPS

This vehicle type is identified as a semi-planing ship not

because it ever achieves complete dynamic support, but because it

achieves the speeds asscciated with planing. This vehicle type was




N oL A

& e

designed and tested at the Naval Ship Research and Development Center
(NSRDC) and designated s the Series 64. The data source and particu-

i} lars of these wvehicles are included in Table D-6.
i] TABLE D-6. SEMI-PLANING SHIP CONFIGURATION DATA
. Weight, long tons
} Characteristic 100 1,000 10,000
’ Length, ft 171 368 794
[ Beam, ft 9,52 20.5 44,2
Draft, ft 4.76 10.25 22.1
i Wetted Area, sq ft 2,030 9,922 43,718
i Volumetric Coefficient, CV 0.0007 0.0007 0.0007
i- Prismatic Coefficient, Cp 0.63 0.63 0.63
Maximum Section Coefficient 0.714 0.714 0.714
. Speed at ERE 0.5, knots 2419 32,4 47.1
3 Speed at F, = 3.5, knots 45,8 67.3 98.9
gi Parent Vehicle
Name ==
3} Country United States
Reference Marine Technology, July 1965, p. 248
i Weight --
i Length --
i Volumetric Coefficient 0.000525 to 0.00192
il Prismatic Coefficient 0.63
- Beam/Draft Ratio 2, 3, and 4
i Maximum Section Coefficient 0.556, 0.714, 0.873

The vehicle configuration whose Pt/wV data ere shown in Figs. D.1,
D.2, and D.3 is very extreme. It has a volumetric coefficient of
only 0.0007 (compared to 0.0017 for the surface ship discusced in

Section D.2) a beam draft ratio of only 2, and a low maximum section
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coefficient, it has a significantly larger wetted area than the sur-
face ship described in Section D.2. This extreme configuration was
selected not because it is a practical configuration but because it
very likely represents the best possible performance at high speeds of
a buoyantly supported vehicle., 1Its presence on Figs. D.1l, D.2, and
D.3 should not cause it to be regarded as a feasible alternative to
the surface ship treated in those figures and described in Section
D.2,

With these qualifications in mind, it should be observed in
Figs. D.1, D.2, and D.3 that this configuration has considerably
lower drag then a conventional surface ship at speeds greater than:

15 knots for 100 tons
20 knots for 1,000 tons
27 knots for 10,000 tons.

Its increased drag at lower speeds is caused partially by its in-

creased wetted area.

The specific thrust power figures also indicate that of €ll the
surface vehicles included on the figures, this configuration has the
lowest drag of any of them at the following speeds and sizes:

Size, tons Speed, knots
100 15 ito 35
1,000 20 to 30
10,000 27 to 44

It is also of interest to note that in the 1,000-ton size (let
alone the 10,000-ton size) this configuration has less drag than a
hydrofoil craft at any speed.

D.6 SPECIFIC POWER FOR ACVs

The configuration used for the air cushion vehicles »f this
report is given in Table D-7. It should be noted that Eq. (D.2) is
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adhered to even though it is not mandatory for ACV craft. Thus, the

b
? cushion pressure of the parent vehicle (40 1lbs/sq ft) is modified %
directly by the scale ratio determined by Eq. (D.2) for the 100-ton, |3
? 1,000-ton, and 10,000-ton ACVS. G
. TABLE D-7. ACV CONFIGURATION DATA }
: ;
= Weight, long tons p
Characteristic 100 1,000 10,000 ;
Length/Beam Ratio 1.68 1.68 1.68 :
i Length, water line ft 108.2 232 502 ;
) Beam, ft 65 138 298 5
] Cushion Area, S_, sq ft 6,620 30,700 143,500 j
: Cushion Pressure, lbs/sq ft, :
| - W/SC 33.8 72.8 156.3
| zj Cushion Pressure/Length, ;
lbs/cu ft 0.313 0.313 0.313
{i Veaicl§/¥eight/Cushion Areas/z,
L] /8,°/¢, 1bs/ft 0.415 0.415 0.415
i Vvertical Clearance, in. 9.00 7.67 9.00 16.35 9.00 35.3
ié Cushion Area/Gap Area 2.8 31.6 S57.6 1.6 124.0 51,6
Discharge Coefficient, D, 0.60 0.60 0.60
éi Air Profile Drag Coefficient,
| CD 0.10 0.10 0.10
o)
‘: Parent Vehicle
Name SRN-4
! Country England
. Weight, Normal 165 tons i
:E Length 128 ft }i
Beam 76) fit H
Cushion Pressure 40 1bs/sq ft i
- Cushion Pressure/Length 0.313 1lbs/cu ft ;i
e Vertical Clearance 9 in. %%
i - Cushion Area/Gap Area 31.6 i
; P Speed 70 knots
Eoe 149




The basic equation for the lift-to-drag ratio of ACV craft as
given by Eq. 7.34 of Ref. D.1 is as follows:

DT' = = I 5 (D.5)
5.0, F i A2 5(°aCD +°wa)"
75 (g)
where
W = vehicle gross weight, 1lbs
DT' = equivalent totsl drag (including lift power), lbs
Sg = gap area, sq ft
DC = discharge coefficient
V = vehicle velocity, ft/sec
Sc = cushion area, sq ft
p, = mass density of air, 1lbs secz/ft4
CD = profile drag coefficient
o
o, = mass density of sea water, 1bs sec2/ft4
Cw = wave drag coefficient

The first term on the left of the denominator of Eq. (D.5) is
the cushion power equivalent drag. The second term is the ordinary
drag term which is similar to that of Eq. (D.3) for buoyantly sup-
ported vehicles or the second term of the dencminator of Eq. (D.4)

which is for dynamically supported vehicles,

Two sets of data for the ACVs are included in Figs. D.1 to D.6
of this report. One set of data is for a fixed vertical clearance of
9 in. (which is the clearance of the parent vehicle, the SRN-4)
whereas the other set is for vertical clearances that vary with vehicle
size and weight., The relation between vertical clearance and vehicle

weight for the second set of date follows Eq. (D.2) starting with a
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clearance of 9 in. associated with a wehicle of 165 tons as given in
Table D-7 for the SRN-4. Figures D.4, D.5, and D.6 show that the
fixed clearance of 9 in. results in very fsvorable performance for the
large ACVs at high speeds. Howewer, an averag: clearance of 9 in. is
very small on a craft 502 ft x 298 ft (see Table D-7), hence the
larger clearances are probably more appropriate. Figures D.4, D.S,
and D.6 show that allowing the clearance to increase directly with
linear dimensions degrades performance significantly with increasing
size for all vehicles between 100 and 10,000 tons at speeds of 40 or
€0 knots. At 70 knots, the effect of increasing clearance, while
detrimental compared to constant clearance, still allows the per-
formance to improve with increasing size between 100 tons and 2,000

tons but degrades performance above that size.

Figures D.1 to D.3 show that the ACVs with the clearances in-
creasing in size have the lowest power per ton of all other vehicle

types considered at the following speeds and sizes:

Size, tons Speed, knots
100 >38
1,000 >60
10,000 >85

D.7 SPECIFIC POWER FOR SESs

The Surface Effects Ship (SES) is an air-cushion vehicle whose
sides penetrate the water surface. The sides thus seal off the air
cushion, reducing leakage losses and reaching cushion power equivalent
drag, while simultaneously introducing water frictional drag. The
ends of the cushion are partiaily sealad off by devices that do not
penetrate the water surface as the sides do, but essentially ride on
the water surface following the wavy free surface.

The basic equation for the lift-to-drag ratio of SES craft is
similar to Eq. (D.5) for the ACV, except for the addition of one

term. The equation is as follows:
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The additional term is prfS in the second term of the denominator
which takes account of the water frictional drag of the sidewalls

penetrating the water surface. 1In Eq. (D.6), S represents the wetted
arez2 of the sidewalls.

The general configuration of the SES craft described in the first

paragraph of this section suggests that, unlike the ACV, a long,
narrow SES craft may be attractive compared to a short, wide SES
craft for some applications. As a result, the specific power figures
of this report show P /W  values for two length-to-beam (L/B) ratios,
2.3 and 6.5. Complete configuraticn data for these two SES craft
appear in Table D-8. Three sets of different clearance values are
used for each of the two L/D values. The first clearances, identi-
fied in the table as NSRDC, are very low clearances assumed in the
NSRDC estimates of SES performance furnished for this study. These
are the clearance values assumed in the specific power values for SES
craft given in Figs. D.1l, D.2, and D.3. To show the effect on SES
performance of larger assumed clearances, the same clearance values
assumed for the ACV calculations are used for the SES Pt/wv data in
Figs. D.4 to D.6 of Section D.1. The cushion-area/gap-area ratios
resulting from these clearances are shown in Table D-8. In general,
of course, the cushion-area/gap-area ratio is much larger for SES
craft than for ACV craft (see Table D-7).

The Pt/wv values for the two SES craft with different L/B ratios
in Figs. D.1, D.2, and D.3 show a very important result. The longer,

narrower craft is much more favorable at low speeds and less favorable

at high speeds. The first result follows from the first term of the
denominator of Eq. (D.6) because of the lower gap-area/cushion-
area ratio of the long, narrow craft relative to the shorter, wider

craft. This term dominates at low speeds. The first result also
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i TABLE D-8. SES CONFIGURATION DATA
) o Weight, long tons
;2 Characteristic 100 1,000 10,000
. . . 3/2
= Vehlclg gelght/Cushlon Area™ 7,
gg W/s, /2 "1bs/cu ft 2.0 2.0 2.0
Cushion Pressure, W/SC, 1bs/sq ft 96.7 203.5 448
ﬁ Cushion Area, S, sq ft 2,320 11,000 50,000
Low L{B:
ﬁ Length/Beam Ratio 2.3 2.3 2.3 '
Length ft, L 72.8 157 338 )
.i Beam, ft, B 31.6 68.3 147
i; Vertical Clearances, NSRDC, in., h 3.25 4,22 5.73
Gap Area, Sg, sq ft = 2 Bh 17.2 48 141
gi Cushion Area/Gap Area, SC/Sg 129 229 355
Vertical Clearances, h, in. 9 9 9
i Gap Area, S, sq ft 47.5 102.5 221
i ;
’ Cushion Area/Gap Area §_/S_ 46.9 107.5 226 ]
— i
}i Vertical Clearances, h, in. 7.67 16.35 35.3 §
i4 4
Gap Area, Sg, sq ft 40.3 186 865 :
?? Cushion Area/Gap Area, SC/Sg 58 58 58 3
3 A
o 4
High L/B: 1
7 Length/Beam Ratio 6.5 6.5 6.5
i Length, L, ft 123 264 570
. Beam, B, ft 18.9 40.6 86.1
b {(Vertical Clearances, NSRDC, h, in. 2.9 3.26 dy. 7.
-. )Cushion Area/Gap Area, SC/Sg 254 497 741
i %Vertical Clearance, h, in. 9 9 9
. Cushion Area/Gap Area, Sc/Sg 81.8 180 387
1. \Vertical Clearances, h, in. 7.67 16,55 35.3
. Cushion Area/Gap Area SC/Sg 98 98 98
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follows from the much larger wave drag at low speed of the wide, short
SES. 'the second result follows from the second term of the denominator
of Eq. (D.6), which dominates at high speed. In this term, the larger
wetied area of the high L/B SES penalizes it relative to the low L/B
configuration.

Compared to other surface wvehicles, Figs. D.l, D.2, and D.3 show
that the high L/B SES craft compares favorably with all other surface
craft (excluding the ACVs with 9-in. clearance in the 1,000- to 10,000-
ton size range) in the speed range of 30 to 52 knots in the 1,000-ton
size and in the speed range of 45 to 85 knots in the 10,000-ton size

range.

Figures D.4 to D.6 show the unfavorable result of increased
nlearance on SES performance. The very favorable position of the
high L/B SES at 40 knots in sizes above about 200 tons is shown in
Fig. D.4 and at 50 knots (Fig. D.5) in sizes above 2,000 tons. At
70 knots (Fig. D.6), the low L/B SES is prefercble to the high L/B
configuration, except at sizes greater than 4,500 tons.

REFERENCE

D.1 Philip Mandel, Water, Air and Interface Vehicles, MIT Press,
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APPENDIX E

POWER AND ACCELERATION OF TRACKED AND WHECLED VEHICLES
ON A LOOSE GROUND

E.1 OBJECTIVE

The tendency toward increasing engine power meets a limitation
in ground capability of absorbing such power imparted by tracks and
wheels, without excessive slip. The objective of this paper is to
establish approximate values of such limitation, at least in one
loose ground, for a heavy- and medium-tracked vehicle, and for a
heavy-wheeled vehicle. To this end, level loose dry sand was selected
as the environment of locomotion for M103Al Tank (GW = 125,000 1lbs),

the M113 Troop Carrier (GW = 22,615 1bs), and for the "Goer" (GW =
40,780 1bs).

In addition, in order to facilitate eventual similar evaluations

for other soil types, computations of drag/weight ratio were performed
for

® Moist agricultural soil (sandy loam)
e Wet, muddy soil

Concrete.

E.2 METHOD

To achieve the objective, the drar/.cight ratio (D/W) of a
tracked vehicle was assumed to be defined by equation:

D,

: i
74 + sin8 + W (E.1)

2bp (n+1)/n cosP

W(n + l)[(kc/b) + k¢]

In i
D_a g t
W’E;[l*wz Z ]*

Preceding page hlank
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where :

W = gross vehicle weight, GW (1b) ) .

a = acceleration (ft/secz) ?

g = gravity acceleration (ft/secz) %

In i 3

& = [l + %E—T—t] = factor due to the irertia of rotating masses. ) i

’ Following Gruzdev's treatise on tank design i

(1944), the factor is approximately 1 + 0.3 : ;

for heavy tanks, ~1 + C.15 for medium tanks i ;

and ~1 + 0.08 for wheeled vehicles, i
ti b = track width (in.) .
- p = grcund pressure, nominal (psi) '1
. 8 = angle of slope a
n, kc, k¢ = s0il parameters _;
D. = internal motion resistance due to friction =

petween tracks, wheels, sprockets, idlers, y
etc. (1b), assumed to be Di/W = 0.05, “ |
The drag/weight ratio for wheeled vehicle may become very involved

if the pneumatic tire behaves sometimes like a rigid wheel and some- i

times like an elastic wheel. However, in the case considered here,

the tires of the Goer in sand act as elastic wheels® and may be

analyzed by means of the following equations:

oot D, |
[l+0.08]+-—7 cosB + sinB + — (E.2)
W W

= |o
Qlo

*They may become rigid wheels in mud, which was not considered here.
y may g
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tire motion resistance due to soil compaction (1b)

]
I

tire motion resistance due to the flexing of tire carcass.

Computation of DS and Dt was performed, for the elastic wheel, usiny
the following equations:

The resistance due to flexing the tire carcass is:

————————

R O]
_ 2 2 2 ) (E.3)

ol

Dt
T
The resistance due to soil compaction is:

(n+l)/n
Dy [b(P.+P)]

S
= E.4)
W 7n (
[k, + bk¢] W
where
W’ = wheel load (1b)
Pi = inflation pressure (psi)
Pc = carcass stiffness pressure (psi)
d = tire diameter (in.)
and,
e

S
W/WZZ/W//%V////////A Wi

£y —=14y)

o

?

— b
1-23-75-22
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W
4 B(F, +P) Ft,

_B -V¥B° - 4nc :
ty = R
=i
where _!
A =Db(P, + PC)[P2/2 - X] ?
F = 1/(n+l) T
K = 1/(n+l)(n+2) i
3 B = WF/2 =
! z =[P, + P J/[(k /b) + + J/" §
1 e i c c @
i G =Dz (P, + PC)/(n+1) i
£ [
: J = (D/2) - (2,/3) y
e =16y o

EMRORE S B R R

1 Pc was assumed to be 6 psi. Other values are as defined before. The ‘!

drag/weight ratios defined by Eqs. (E.1l) and (E.2) comprise all the - g
resistances that have to be overcome by the engine, except the air - §
drag which has been neglectet, as the speeds considered here were _] 1

below 40 mph. The resistances are referred to sprocket radius r, and
are balanced by soil thrust T which provides the ground reaction that
drives the vehicle. Obviously, soil thrust T is not affected by
internal motion resistances Di and Dt of the vehicle. Thus, when
balancing the drag/weight, D/W, of the vehicle with thrust/load of

soii, TS/W, the values of Di and Dt should be dropped. This procedure,

T T ST

however, was not followed and forces Di and Dt were not left out. This
produced a more conservative solution since it counterbalanced the
shift of the vehicles' CG, which occurs in dynamic conditions, and was

not accounted for here.

f The thrust/load, TS/W, depends on the amount of slip, iy for both

the tracks and the low-pressure pneumatic tires, as shown in the

equation:
] 160
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& -1 1/K
w§=(§+tan¢>[1--{%(1-e 0/)] (E.5)

where
c = coefficient of soil cohesion (psi)
g = angle of soil friction (O)
K = coefficient of slip (in.)
tp = Slip: 1= (Vactual/vtheoret)

{ = length of the ground contact area (in.).
In motion: D/W = Ts/w, at -the required slip, io.

Acceleration and the power required for that purpose are con-
sidered as measures of "mobility," since they directly relate to the
top speeds attainable on level ground or slopes. In addition, ac-
celeration is a measure of "agility" which appears to be a pre-
dominant justification of high-powered tank development. Such tanks
are thought to be able to reduce the probability of a hit by a quick
maneuver, This may be true to some extent, and deserves a most careful
examination. However, providing greater hp/ton to get greater ac-
celeration has no meaning withoﬁt considering the forces TS/W that
can be absorbed by the ground at the given slip, io' It is thus
worthwhile to consider the power required for acceleration under given
slip conditions, at the assumed speed Vm that is expected to be

achieved with acceleration a/g.

In general, the proving-ground measurements display increase of

speed V as a function of time t, in the following form:

~

adl

1-23-75-23
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where the acceleration distance S is S = IE V dt. Assuming the
triangular V(t) function, in lieu of a zig-zag line following the

changes of gears in the transmission, we have

V, = at, and S = at2/2 5

and the power needed to accelerate from zeroc to Vm in time t is

el

I}
QI=
&

If the overall transmission efficiency is n, and a/g is a function of
iO as limited by ground thrust T, then

P _a at2 _a vm
=3 e £ — ,
W™ g7t N (1 187 g ?ﬁx (L 187

or,

1}

) v, X 2200 2.0 <a> Vm (E.6)
il -_ O = ry - - - . , .
g 2nx X 550 (1 10) N, \9 1 -1

=l

where P is in hp, W in tons and V in fps, and (a/g) is determined for
the given io. Then P/W is the power required to achieve speed Vm,
under given slip conditions and acceleration in the given soil., With
no acceleration requirement, the vehicle can obviously achieve speeds
higher than Vm. However, this is considered of little interest at
this stage of the study since the maximum speed of any vehic.e is
limited, for practical purposes, not by the lack of power but by the
roughness of the terrain surface, which induces discomfort, structural

overloads, and directional instability.
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E,3 SOIL PROPERTIES

Equation (E.l) was computed for the following soil properties,

assumed to be representative of important terrain environments:

DRY SAND (Desert): k, =0 k =12 n=0.8 c =0 g =37° k=1

MOIST AGRICULTURAL SOIL: kc =3.5 k., =5.0 n=0.7265 ¢c=0.2

g = 20

MUDD*” GROUND: kc = 2.0 k¢
o= 2

I}
~
o
3

1}
o
(™
NS
wn
[w]
0
I}
o
~

L8

I
'_l
19,

CONCRETE: & = 0.70 (steel-concrete)

Only the M113 and M103RAl were computed for D/W, TS/W ratios in all the
above soils and the acceleration power, hp/ton, was computed only for
sand. The "Goer" computations were performed in sand only. Sand may
be considered as a most "universal" and "uniform" medium since it
changes wvery little in nature, and yet represents well most of the
dry frictional granular soils. It might be interesting to consider
also clayey, nonfrictional soils, in a plastic state. This, however,
would be a nongeneral type of a comparison platform. and the wheeled
vehicles would have to be excluded as they usually are inoperative in
wet, clayey ground. For this reason, the Goer was not analyzed in
muddy ground specified above. "Goer" also was considered as an all-
axle-driven vehicle, since it would be unfair to compare a 2X4 vehicle

with tracked wvehicles, in off-road conditions.

E.4 COMPUTATIONS

Figure E.l shows D/W versus acceleration on various slopes for
the M103Al. Also Ts/w was plotted for slips in sand. This figure
shows that for B = 25° the attainable acceleration at 5 percent slip
is 0.15 g, and 0.21 g at slips of 60 percent or more. Figure E.2
shows the same in the agricultural soil. Note that the capacity of
the soil to absorb the thrust force is much lower since the ground is

not as strong as dry sand. This figure shows that the M103A1l cannot
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climb a 15° slope, unless the acceleration is less than 0.045 g. By

.
——rs
.5 kG

inference, the 20° slope is practically nonnegotiable. Figure E.3
illustrates the same phenomena in a much weaker ground, the muddy

soil. Here, only level ground is negotiable with accelerations -! ﬂ
~0.085 g at slips of 60 percent or more. Muddy soil thus almost j
completely inhibits agility regardless of D/W values. Figure E.4 _l §

repeats the computations for concrete. As the slip TS/W lines converge
very strongly, only one line for coefficient of friction p = 0.7 was
drawn. All the soil values kc’ k¢, and n are here nonexistent in the
usual sense. Climbing abilities of the vehicle are limited only by

B =0.7 or 24.99° slope. Figure E.5 is similar to Fig. E.1. Only

one Ts/w line for maximum slip-pull was shown for the M113. Figures
E.6, E.7, and E.8 for the M113 display the great similarity between
M113 and M103Al in the soil conditions considered here. This is shown
further in Fig. E.9 by the cross plots of a/g vs. B for the maximum
attainable D/W = TS/W, which is 0.75 for dry sand and 0.385 for
agricultural soils. Note the rather insignificant differences between
the 125,000-1b and 22,615-1b vehicles in spite of their different
ground pressures: 12.85 and 7.3 psi. The reason for this is that the
dominant terms in the D/W equation are the (hill climbing + accelera-

tion) terms under the conditions computed.

Figure E.10 shows the accelerations that can be developed by the
M103A1 at particular slip values, in sand and on level ground. Slips
vs. D/W = TS/W are shown in Fig. E.1l. On the same figure a slope of

5° was also considered to show the reduction in usable thrust/load
values, with slope. Using Eq. (E.6) and assuming "terminal" speeds of, ; 3
40, 20, 10, and 5 mph, graph Fig. E.12 was computed for the M103Al, :
for level ground only. On slopes, the graph lines would be shifted to | i
the left. Figure E.13 shows again accelerations that can be developed .

by the ground vs. correspordiry D/W = TS/W ratios at pertinent slips :
for the M1.3 in dry level sand. Tigure E.14 gives the power require- o E
ments for target speeas of 40, 20, 10, and S mph that may materialize
at accelerations available in yround thrust, at pertinent slips.

Figures E.15 and E.16 produce similar data for the Goer, computed
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by means of Eqs. (E.2), (E.3), and (E.4). As a comparison of the
three vehicles under consideraticn, Fig. E.17 illustrates the daif-
ference between the TRACK and WHEEL. 1In order to emphasize the
"highway characteristics" of the regular Goer with one-axle drive, the
lower line was added. Finally, Fig. E.18 summarizes the computed
results, in terms of hp/ton required to achieve the target speeds,
with accelerations available in soil thrust at pertinent slips. Note
that for "low mobility" requirements (up to 0.35 g acceleration)
there is not much difference in power required. Beyond a/g = 0.35,
the diffc¢rence between the tracked wvehicles remains insignificant,
until high slip (skid) conditions are reached; then the vehicle with
lower ground pressure (M113) is better (higher a/g) than that with
higher ground pressure (M103Al). Track lengths are comparable

(£ = 173 and 105 in.). However, wheeled vehicles cause performance
to deteriorate (high slip) and requires more hp/ton very quickly
after they reach critical a/g. In case of the Goer, the (a/g)Crit =
0.3. This unfavorable condition of wheel performance, even at a very
low inflation pressure, is due to the shortness of the ground contact

area, as explained in the next section on tractive effort.

E.5 TRACTIVE EFFORT

It is assumed that the tractive effort is defined by the hori-
zontal component of force, which may be developed by the soil through
its shearing strength. The total tractive effort, H, of a track or
wheel will be

£
szf de, (E.7)

where

T = unit tractive effort

width of the load area

H

1t

£ length.
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For a nonuniform distribution of load p, the integration of Eq. (E.7)
becom=s very cumbersome.

The amount of tractive effort available depends on soil distor-
tion j {shearing strain). A study of the mechanics of vehicle slip-
page i0 has disclosed that the j value is not constant at particuler
points of the ground contact area, but increases linearly from zero
to jmaX along that area. Thus, soil distortion at any point located

at distance x from the front of the ground contact area is
3= dgw (E.8)

The tractive effort, TS, will be obtained in terms of iOL, i.e.,
in terms of the product of vehicle slippage io times the length {4 of
the ground contact area. Figure E.19 shows the iO values computed for
tractive effort developed per unit of the contact area in a silt and

sandy loam.

An important conclusion may be drawn on the basis of this example:
if tne track length is reduced and the width simultaneously increased
so that the ground contact area remains constant, the maximum tractive
effort availabie in the given soil can be developed, but only at the
expense of increased slippage; i.e., speed of locomction will be

reduced. The following table gives typical numbers.
TABLE E-1. COMPARISON OF TRACTIVE EFFORT FOR WHEELS AND TRACKS

Slippage, Percent at

. =nt_
Length of Ground Maximum Traction

Track or Tire Contact Area, in, St Sandy Loam
Track 100 2.5 7.5
50 5.0 15.0
25 10.0 §0.0
Low-Pressure Tire 10 25%0 75.0

®n11 figures approximate.
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Thus, if the ground contact area of a track 100 in. long amounts
to, say, 1,000 sq in., and is replaced by four low-pressure pneumatic
tires which produce the same 1,000 sq in. of bearing area divided
among four 10-in.-long areas, then the slippage of the wheeled vehicle
at the peak of its traction must be ten times larger than that of the
tracked wvehicle. Seventy-five percent slippage indicates that the
wheel is almost spinning, and such a vehicle may be easily stalled.
Therefore, a wheel cannot replace a track unless it is of a sufficiently
large diameter that the length of its ground contact area approaches
the length of the corresponding track, and the slippage becomes
tolerable.

It may be concluded that the magnitude of the unavoidable slippage
of tracks and wheels associated with the development of tractive effort
can be expressed in terms of the length of the ground contact area. 1In
relation to a vehicle which develops maximum traction at ié slippage,"
having s’ length of ground contact area, another vehicle having the

same unit load but s’’ length of contact area w'.11 develop slippage
<t 7
i, s

T . (E.9)

Equation (E.9) shows the essential difference betweesn the performance
of trac%ed and wheeled vehicles, even when they have equal "flotation."

Thus, where a track will move with ease, a wheel may spin.

E.6 CONCLUSION

The conclusion reached becomes more clear if Fig. E.18 is cross-
plotted, as shown in Fig. E.20. Here, the desired levels of performance
measureu in terms of accelerations 0.3, 0.4, and 0.5 g are plotted in
terms of "target" speeds vs. the required power in hp/ton. It is very
difficult for a wheeled vehicle to match a tracked one if the accelera-

tions required are high,
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At a = 0.3 g, there is practically no difference between the M113,
the M103A1l, and the Goer. BAlso, the tracked vehicles' power require-
ments remain invariant, even for accelerations of a = 0.5 g, notwith-
standing the GW (M113 ~10 ton, M103R1l ~56 ton). But the Goer departs
rapidly from the tracked vehicles and quickly reaches a point of

impracticality. Conclusions are:

1. Drag/weight ratios and power/weight ratios of tracked vehicles
display great uniformity and similarity in frictional soils,
independent of GWW,

2. Performance of these wehicles measured i. terms of power and
acceleration also is similar and uniform, notwithstanding
the GW,

3. Wheeled vehicles radical!ly depart from the tracked vehicles,
from the viewpoint of performance.

4, The power limit applicable o the givei. vehizle depends
critically on the thrust-slip characteristics of the soil,
and the type of the running gear.

S. All this sets the boundaries of optimum hp/ton, beyond which
power cannot be usefully employed.

6. The need for a comprehensive study of such a problem is
dramatized by the fact that further increase of power has
entereC & steep path of diminishing returns: the gain in
acceleration, if justified by ground capability to absorb
power, has become increasingly costly in terms of weight &and

fuel consumption.

E.7 DISCUSSION

Equation (E.6) defines the average power required for vehicle

acceleration from zero speed to vm at a constant acceleration a.

If it is expected, however, that the appropriate power reserve
is available throughout the complete cycle of acceleration, the P/W
value of Eq. (E.6) should be doubled. Thus, the ordinate scales of
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rigs. E.12, E.14, E.16, E.18, and E.20 wculd express twice as much
power as shown,

In such a case, the growth of required hp/ton with increasing
acceleration quickly becomes prohibitive. This illustrates further
tne need for ccemputations of power reserve in a more specific maruer
than assuming that the speed Vm will be reached in time t, if the
engine develops N hp.* The nature of the problem is depicted ir
Fig. E.2]1 which is, in essence, the reproduction of Fig. E.18, with
the left-hand corner of the graph extended to zero acceleration.
Figure E.21 shows that we are now approaching the steep portion of
the hr/ton curve, and any increase of power becomes more costly. The
accelerations of M60A1l and XM1 quoted by Gen. Baer in conjunction with
estimated performance of tanks in the 1980s were plotted in Fig. E.21

as reference points.

It should be noted that the soil considered here (i.e., sand)
is not a critical scil. As a matter of fact, it is a very strong soil

which can absorb much power. Tnis is why the hp/ton figures can run

high. But deserts and sandy soils are only a part of terrain structure.

Many clayey soils and loams that extend over lirge surfaces of the
globe, together with organic cover, may be very slippery when wet.
They cannot absorb the power, as shown in Fig. E.21, and the vehicle
with too many hp/ton will only spin the treads, thus raising a very
serious question of "how much is enough.™ Similar questions cannot be

avoided when considering sncw or icy, frozen ground.

*Compare the article by Gen. R.J. Laer ir No. 3 Armor issue, Vol,

LXXXIII, May-June 1974,
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SPECIFIC POWER OF INTERNAL COMBUSTION ENGINES
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L APPENDIX F

SPECIFIC POWER OF INTERNAL COMBUSTION ENGINES

Wt d

P

An important parameter in choosing a power plant for vehicular

use is its specific power with respect to weight (power-to-weight i

[ e
[}

ratio). Other ways of expressing specific power are with respect to

st

ad

volume (power-to-volume ratio), or with respect to cost (power-to-

Pen—
~

cost ratio). 1In most cases, the specific powers so defined bear a

direct correlation to each other. The purpose of this appendix is

L to discuss some of the important trends in the dependence of specific

power (or its inverse, specific weight) on various engine parameters.

i First, we consider normally aspirated diesel engines. Figure

F.1 shows specific weight (weight-to-power ratio) for a number of such
engines, as a function of output per cylinder. The data shown cor-
respond to maximum power output as listed on manufacturers' speci-

fications (Ref. F.1l and Table B.7, Appendix B). In some cases, they

probably represent an optimistic point of view. Nevertheless, it is

believed that the data correctly represent the various trends of

present interest. The first of these trends is the increase of specific

»

weight with power output at large power outputs. Basically, this

ol trend derives from the fact that mean effective pressure (mep) and
piston speed are subject to limitations independent of cylinder size.
Under conditions of maximum power output, the mep of normally aspirated

engines is determined mostly by the compression ratio, which is

Ty X e

limited by practical considerations. As a result, the mep in normally
aspirated engines is no larger than about 100 psi (see Ref. F.2, Fig.
17-4 and Ref., F.2%, Figs. 1-3). Similarly, the maximum piston speed is
limited because the speed of sound of air entering the cylinder, as well

Preceding page blank
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as the rate of combustion, are prescribed quantities. For conventional
designs, the maximum value is on the order of 1,000 ft/sec (see Ref.
F.2, Fig. 17-5 and Ref. F.3, Fig. 1). By definition, the power output
per cylinder is the product of mep, piston speed, and piston area for
two-stroke engines, and one half that product for four-stroke engines.
As a consequernce, raximum power output per cylinder increases roughly
proportional to piston area, or to b2, where b denotes the cylinder
bore. On the other hand, weight of the engine is roughly proportional
to cylinder volume, i.e., to b3, It follows that the ratio of weight-
to-power output is roughly proportional to b, i.e., to the square root
of the power output. The dashed line in Fig. F.l shows the slope of
such a line. It indicates the trend at power outputs larger than 30

hp per cylinder quite well, supporting the rationale just given.

100 T -~
8 g#” ll
G - ;
0 L SLOPE = 1/2

- !
Q 0 z‘ |
% K £ BI’% T //’, h t L |

Fao 0 o (I~ Y

A ri%-@rl Q8 .-

| |
10 - 357, T
|
: . LN
§ ! ‘
: | |
-h\ 1
£ ‘ |
1 | B
| |
| :
O | OMNE-CYLINDER } NORMALLY
0| MULTI-CYLINDER IASPIRATED
h| TURBO-CHARGED '|
0.1 |
] 10 100 1000 10,000

MAXIMUM hp * eyl
1-23-75- 45

FIGURE F-1. Specific Weight of Diesel Engines as a Function of Maximum Power
Output per Cylinder
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Below 20 hp per cylinder, the data of Fig. F.1l do not follow the
similarity rule discussed, rather, they show an increace of weight-to-
powar output as output decreases. This results from increased heat
losses to the cylinder walls when the cylinder bore is small. At large
bores, heat losses to the cylinder walls represent only a small
fraction of the total heat content of the combustion gases, while at
small bores the fraction becomes large enough to appreciably reduce
power output. The order of magnitude of the bore for which heat losses
become appreciable can be estimated analytically; it comes out to about
8 inches. It is difficult to make a reliable calculation of the power
output of small engines, taking account of the heat losses. As a
result, no simple similarity rule is available for the behavior of the
data of rig. F.1 below 20 hp per cylinder.

It follows from Fig. F.l that, for a given power output, the
specific weight of large engines can be decreased by decreasing bore
size while increasing the number of cylinders to maintain the same
piston area. Obviously, the extent to which this can actually be done
is limited, because in engines with a large number of cylirders serious
design problems would result and maintenance costs would be higher.
From the point of view of specific weight alone, it would appear that
the optimum cylinder power is 30 hp. It is interesting to note that
vehicular engines tend to follow this pattern, i.e., 90-100 hp,
chree-cylinder; 180-'00 hp, six-cylinder; and 240-280 hp, eight-
cylinder.

At s5till higher power levels, the number of cylinders becomes
excessive and other techniques are used to keep specific weight within
bounds. These other techniques involve increasing mep or piston
speed, or both. There are some limits to what can be done in these
areas, however. As mentioned above, maximum piston speed is limited
because the speed of sound of air entering the cylinder has a fixed
value. Large pressure drops occur when the air velocity approaches
the speed of sound. Additional disadvantages of high piston speeds

are increased engine friction, increased inertial stresses and
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vibraticn levels, more difficult control of fuel injection, increased
noise level, and more stringent requirements on the fuel which can be
burned. Furthermore, low piston speed and mean effective pressure

tend to be associated .ith low maintenance, high reliability, and long
life--advantages which are compromised by raising piston speed and mep.
Nevertheless, to meet the demand for lower weight at higher power levels,
diesel manufacturers started around 1960 to use both higher meps and
higher piston speeds. This has led to great improvements in the
specific power outputs of diesel engines. Most of these improvements
have resulted from increased mep attained by supercharging the engine.
Simple single-stage supercharging will increase mep by 40 percent to

60 percent, giving rise to corresponding increases in specific power as
the data on turbccharged engines in Fig. F.l indicate. The best
results have been obtained with two-stage turbocharging with inter-
cooling and aftercooling. Mep values of the order of 250 psi have been
reached. Improvements have also been made in piston speed, which in
some cases has been successfully increased to about 2,000 ft/sec.
Because limitations independent of cylinder size still apply to both
mep and piston speed, the same similarity rule may be expected to hold
for weight-to-power ratio as a function of power output per cylinder,
as holds for the normally aspirated engines. However, because develop-
ments in this direction have been relatively recent and relatively

few, the data available are insufficient to provide a definitive test

of the rule.

The data of Fig. F.l have been replotted in Fig. F.2 with total
power output instead of power output per cylinder as the horizontal
coordinate. Although such a plot does not do justice to the : Ja-
mental importance of the output per cylinder, it provides a meaningful
comparisor. of different engine types. Corresponding to the single
dsshed line of Fig. F.l, there is a one-parameter family of dashed
lines in Fig. F.2, the parameter being the number of cyliinders per
engine. The lines shown are for four-, eight-, and twelve-cylinder

diesel engines. It follews that all four-cylinder engines fall to
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che left of the four-cylinder dashed line in Fig. F.2, all eight-

cylinder engines to the left of the eight-cylinder line, etc.
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FIGURE F-2. Specific Weight of Various Engine Types as a Function of Maximum
Power Output
Rlso shown in Fig. F.2 are data for gas turbines based on the

manufacturers' specifications of Ref. F.4. Two quite different classes
of gas turbines are represented: the so-called "heavy-industrial"
type and the "aircraft-derivative" type. The former have lcng been
available, and are large, conservatively designed =ngines with high
power outputs and low specific power Their TBO (Time Retween Over-
hauls) tends to be very long (up to 100,000 hours). BAs the name
implies, the aircraft-derivatives find their origin in developments
in the aircraft turbine industry. These developments are relatively
recent, and have led to specific powers that ar- .uch better than
those of the heavy-industrials. The difference can be as large as a
factor of 100, as can be seen from Fig. F.2. While initial cost of the
two types is comparable, the TBO of the aircraft derivatives tends to
be less favorable. The high power output is obtained by using sophis-

ticated designs, including materials of low specific weight, and high
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gas temperatures. Gas temperatures are limited by the properties of
the turbine blades, in which important improvements have been made
during the last 15 years. RAs a consequence, th2 trends shown by the
gas turbine data of Fig. F.2 represent, to a large extent, a situa-
tion that has not yet stabilized. Aircraft-derivative turbines have
be2n designed to compete with the heavy-industrials, in heavy-industry
applications. Also, there is a family of hybrids, using an aircraft-
derivative gas generator in combination with a heavy-industrial-type
turbine.

As pointed out by Taylor and Taylor (Ref. F.2), the similarity
rules for turbines fundamentally are the same as for diesel engines.
The basic consideration is the stress in the turbine blades as deter-
mined by tip speed. For given tip speed and otherwise similar engines,
the power output will be proportional to the square of the linear
dimension, while the weight is proportional to the third power of the
linear dimension. This leads to the same similarity rule at high
power outputs as for diesels, i.e., specific weight inareases directly
as the linear dimension. For small power outputs, the increase of
weight-to-power ratio arising from heat losses is a trerd that also
is followed by gas turbines. The low power trend is seen in the data
on Fig. F.2, but the high power trend is masked by other factors,
notably the trend to increased gas temperatures which significantly
reduces weight requirements. This i3 illustrated by Fig. 3-11 of
Ref. F.5, which shows that, for any given maximum temperature during
the cycle, there is a pressure ratio at which power output is maximum.
Increasing the allowed maximum temperature significantly influences
maximum power output. It also allows the use of a greater pressure
ratio at maximum power output, thus improving efficiency. It appears
that gas turbines have minimum specific weight at cutputs in the range
of a few thousand horsepower. This conclusion is partly based on the
extensive data for aircraft gas turbines of Ref. F.6. Figure 5 of
Ref. F.6 shows that the gas generator minimum weight-to-airflow ratio
is achieved at about 100 lbm/sec. Multiplying this mass flow (m)
with % Vznt, where V is the exit velocity and m_ the turbine
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efficiency, inserting reasonable values for V and nt, and assuming thet

el O DO

the turbine scales the same way as the gas generator, leads to a power

output of a few thousand horsepower. Alternatively, the power oitput

St

at minimum specific weight can be estimated by taking the ratio of

the mass flow to the specific air mass flow. A reasonable value for

e ’
WY Wi A

the 1 tter quantity is about 0.020 1b/hp sec (see Ref. F.7, p. 68),
yielding a power output at minimum specific weight of 5,000 hp.

M\u::
[ Tt TN

For completeness, both the reciprocating and the rotating spark
ignition engine should also be mentioned. Cylinder size of the

reciprocating spark ignition engine is limited by combustion knock

[ |
sl

(auto-ignition of the end mixture). As a consequence, engines of

this .type are not practical at high power outputs. At low power out-

-
e

puts, the specific weight is quite favorable, and shows the same trends
= as diesel engines. This is illustrated in Fig. F.3, which is based

j on the aircraft engine performance documented in Refs. F.8 and F.9.
Although the specially developed aircraft diesels described in Ref.

F.9 have much lower specific weights than the diesels listed in

Ref., F.1, they still are inferior in this respect to the reciprocating
spark ignition engines. The latter generally are easier to start and

il . . .
control, but have higher fuel consumption and maintenance expenses.

They have not found gen2ral use at power levels above a few hundred
: horsepower, although some of the engines represented in Fig. F.3 had

outputs of a few thousand horsepcwer (see Fig. F.4).

The rotary spark ignition has become practical only recently.
i Its main promise is in its relatively low specific weight as shown by
L the Wankel engine points plotted on Fig. F.2 (Ref. F.10). However, the
rotary spark ignition engine suffers from high specific fuel consump-

tion and i igh maintenance costs. Both are related to the difficulty

i of achieving satisfactory seals for the combustion chambers. Apparently,
? ' current Wank:l engines use rich fuel mixtures to aid in providing
lubricants for the seals, and to aid combustion. As with the recip-
rocating spark ignition engine, combustion chamber size is limited,

and large power outputs must be achieved by using many rotors. At
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present, sizes are up to a few hundred horsepower, and it seems
unlikely that specific weight can be much improved over the data
points shown in Fig. F.2.
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APPENDIX G
NUCLEAR PROPULSION TECHNOLOGY

G.1 INTRODUCTION

Roughly 20 years ago, the Nautilus demonstrated the feasibility
of nuclear power for ships. Since then, more than 200 other vessels
have been built with reactors to replace the boiler/fuel-tank portions

of the usual marine steam-turbine plant,

In this period, nuclear reactors have also been extensively used
for large electrical generating plants. They have not been used for
autos, tanks, or locomotives. 1In the case of aircraft, extensive,
though unsuccessfu®, RED work has been done in an effort to develop a
suitable nuclear-propelled vehicle. This suggests the limitations,
where propulsion is concerned, of properly shielded reactor power

plants.

Whether, in the future, nuclear plants become more useful for
propulsion naturally depends on how these plants evolve in comparison
with alternative power plants. Such a comparison largely depends upon

two rather conventional indices of performance:

e Specific weight, 1b/hp, and
e Specific price, $/hp.

One might have added specific volume to tk~<e. Plant volume is
important for some vehicles, submarines for example, although for
most other vehicles weight is of primary importance. Also, the volume
of a nuclear plant is automatically rather well controlled in a vehicle
application through the effort to limit plant weight and price, as

will become apparent. Hence, power plant volume will not be considered.

.05 Preceding page blank



Organizationally, this paper will first tabulate the performance
of existing nuclear plants in order to indicate present accomplish-
ment. From this, there are a number of attractive designs that hawe
developed and these lead in turn to & few reasoned projections of
future performance. The purpose is to determine what level of improved
performance may be expected in the future, and where resecrcn may be

needed to achieve these improvements.

G.2 CURRENT ATTAINMENT

The vehicles using nuclear power are, naturally, ships because
these are the only vehicles able to use large, heavy power plants.
Outside of warships, four merchant-type nuclear vessels have been
constructed and are clearly described by the four nations which built
them. BAll are based upon pressurized-water reaciors and their general

specificaticns are given in Table G-1.

GENERAL SPECIFICATIONS OF VESSELS POWERED BY
NUCLEAR REACTORS

TABLE G-1.

Weight Weight Specific Weight
Displecement Speed Horse- Shielding Reactor Plant Machinery Power Plant
Vessel (Tons) (knots) power _(Tons) (Tons) (Tons) (1b/hp)
SAVANNAH 21,850 20.25 22,000 2400 2760 1130 384
OTTO HAHN 25,812 15,75 10,000 1100+ 2080 1000 610
LENIN 16,000 18.0 44,000 1963 3017 2750 262
MUTSU 10,400 16.5 10,000 2260 = oo o

Some observations from the table are important. None of these

reactor power plants is lighter than 2,000 tons. The Rus<ian ice-
breaker Lenin happens to have three reactors, but it still has the

smallest specific powe} plant weight. This is true even though the

turbine-electric drives used are quite heavy compared to the steam
turbines used by the other vessels. The dominant reason for the dif-
ference in specific weight is the shield weight required, which, the
data suggest, is relative.y independent of power level. Presumably,
the specific weight might be even lower for plants with much larger

power, as implied in Fig. G.l.
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One would like to compare these civilian power plant specific
weights with those for naval plants. Since the latter are not
published, a possible range of specific plant weights will have to be
inferred. A quotation from Maris' Handbook (4th Ed., 1941, p. 1527)
is helpful:

According to Admiral Bowen, machinery weights of
high-powered naval vessels, fitted with geared
turbines (based on full-power conditions) are

about 27 and 40 lb/shp for destroyers and cruisers,
respectively. This relatively low weight is due to
the high revolutions employed with such machinery,
the great power developed, and the care in design.

A nuclear plant carries its own fuel. For comparison purposes, there-
fore, we must add to these machinery weights for naval vessels the
plausible weights of fuel consumed. This is done in the following
simple tabulation:

Vessel Type

Parameter Destroyer Cruiser
Top speed, assumed 33 knots 33 knots
Endurance at top speed, assumed 25 hours 100 hours
Weight fuel consumed
(for sfc of 0.6 1b/hp-hr) 15 1b/hp 60 1b/hp
Weight of power plant, assumed 27 1b/hp 40 1b/hp

Apparent total weight, conventional
power plant plus fuel 42 1b/hp 100 1b/hp

Now let us see whether there are materisl differences between the
weights of U,S. warships that are oil-fired and those that have nuclear
plants. The best comparisons are probably between the following pairs
of similar vessels. None of these vessels is as light as a destroyer.
Accordingly, it was assumed that the oil-fired power plants, with their
fuel supplies, weighed 100 1lb/hp. Attrivuting the entire weight
differences to the respective nuclear power plants, it appears that the
nuclear power plant of the LONG BEACH might have a specific weight of
150 1b/hp and the plant for the BAINBRIDGE cculd weigh 122 1b/hp.
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Full-Load Waterline-
Horse- Displacement Year of Length
Vessel power (Tons) Commissioning (ft)
LONG BEACH, nuclear 80,000 17,350 1961 721
ALBANY, o0il-fired 120,000 17,500 1946 & 1962 66l
BAINBRIDGE, nuclear 60,000 8,580 1962 550
BELKNAP, oil-fired 85,000 7,930 1962 547

There must be weight differences in these ships other than those
due to the power plant. Nevertheless, these and other data suggest &
consistent trend and naval nucleer plants seem to weigh more than
conventional plants, possibly in the neighborhood of the average value
of 136 1b/hp. 1If true, this would be three times the specific weight
of oil-fired naval plants without fuel, but still much less than the

specific weights of merchant-nuclear plants.

From the last of these estimates, it appears that nuclear plants
for naval ships are approaching "parity" in cruiser-size vessels, but
that substantial reductio s in the irstalled plant weight are required

to match the performance needed in destroyers.

Now let us turn to another topic, the price-performance of nuclear
propulsion. Some of ‘ne relevant data reported for civil construction

are the following:

Specific
Total Cost Reactor Cost Reactor Cost Reactor Price
Ship ($ Million) ($ Million) Fraction ($/QQ)
SAVANNAH -- 17.5 -- 795
OTTO HAHN 14 7 0.5 700
MUTSU 15.4 7.4 0.48 740

These costs are much in excess of the $30 to $60/hp specific prices
that characterize ccmmon diesel or gas-turbine engines. One reason

is that the resctor "prices™ suggested here include the extra fuel
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supply for a considerable period of time. The following core-life
data are representative:

Full-Power
Core Life
Ship (Years)
SAVANNAH 2.7
OTTO HAHN 1.37
LENIN 1.5
MUTSU 1.0

Each year of full-power core life is a credit against the
comparable fuel cost of conventional plants. At 20¢ per gallon for
fuel, each year ot full plant power is readily computed to be worth
$175/hp. If the nuciear plant costs $700/np more to install, it
would break e¢ven in cost with a conventional plant if it had a four-
year core Jife, provided fuel is 20¢ a gallon. If fuel costs are
40¢ a gallon, however, the core life needed is only two years, and this
has already been exceeded by the SAVANNAH. Thus, as fuel costs rise

nuclear propulsion rapidly becomes more economically attractive.

These plants, however, are still very heavy and it is of interest

to see what prospects there are of reaching lower specific weights.

G.3 RECENT DESIGNS

It has been pointed out that radiation shielding is the major
source of weight in commercial vessels having nuclear power plants.
Some discussion of this problem can explain how it occurs and how two

different schemes may minimize it in the future.

Nuclear ships all vse pressurized-water plants. The major
radiation source is naturally the fuel material within the core.
However, the water circulating through the reactor core is also
highly activated. 1In absorbing a neutron, the oxygen portion of water
emits a proton to become an unstable isotope cf nitrogen. This decays,

with a half-life of about 7 seconds, very frequently outside the
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reactor pressure vessel and primery shield and results in the emission
of a 6- or 7-Mev gamma ray that is more intense than most of the gamma
rays from the fission process. It is largely for this reason that the
primary piping loops of pressurized-water plants need to have exten-

sive shielding. Clearly, the shielded volume is much greater than the

volume of the reactor pressure vessel itself.

bt N

This was recognized by Babcock and Wilcox in the design of OTTO

—_—d

HAHN, a successor to the SAVANNAH. Accordingly, the reactor pressure
vessel was made sufficiently large that the steam generator heat-

ig exchanger *tubing could be contained within it. Then the Consolidated

Nuclear Steam Generator (CNSG) could serve as a single, shielded steam-
i? 3ource analogous to a conventional boiler with an inherent fuel supply.
i

The validity of consolidation is confirmed by the "Unimod"
! series of designs from Combustion Engineering. These have powers in
the range 10,000 to 60,000 hp. The 30,000-hp version weighs 430 tons
1 for a specific reactor plant weight of 28.7 1b/hp.

Opposed to the above "pot" approach are the higher performance
i' merchant-ship plants based upon piping. Two 1967 examples of these
2 are the Westinghouse design based 'ipon central-station concepts and
the 22,000- to 120,000-hp NERO design from Reactor Centrum Nederland.

Bz §
[}

As a final example, in 1967 General Electric proposed a 630A

Maritime Nuclear Steam Generator based o.1 the aircraft nuclear propul-

B marine g
Lo a

sion development effort over the preceding decade. This scheme,
interestingly, attacked the weight problem through smaller size,
higher levels of heat transfer at high temperature, and a reactor
coolant, helium, which would not become appreciably activated. It
was conceded that the 630A plant is about the same size and heavier
than the boiler it might conceivably replace. Notably, the condition
of the steam supplied to the turbine throttle suggests a conventional,
high-performance turbine plant. For comparison, this and the other

designs mentioned are summarized in Table G-2.
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TABLE G-2. CHARAC™ERISTICS OF YARIOUS REACTCR DESIGNS

Specific Weight, Steam Supplied Full-Power
. ) Horse- Reactor Plaent Pressure Temp. Superheat Cn.e Life
Firm Design power  Type (1b/hp) _ (psi)  (OF) (°F) (years)
BEW 70,000 pot 39 790 553 50 3.5
CE UNIMOD 30,000 pot 26.7 600 500 112 2,7
60,000 pot 20.0 600 600C 112 --
Westinghouse 75,000 pipe 43.6 620 430 0 3.4
Dutch-~-NERO 22,000 pipe 96.0 582 545 62 3.0
CE 27,300 pot 34.0 1535 1005 405 1.98
82,000 pot 12,5
126,000 pot 6.3

A best appraisal of the first four of these came from the Euratom-

funded study by Reactor Centrum Nederland and the Rctterdam Dockyard

Company who (in 1969) compared the different types of pressurized

water plants which might suit a 120,000-hp, 30-knot container ship.

In concise form, their conclusions were:

Ls

Both types of nuclear plant increase ship weight by 2400

tons (40 1lb/hp) due to heavier components and collision

protection, and 3000 tons due to extra ballast for damage

stability. This extra 5400 tons approximates the fuel for

a conventional ship, or 90 1lb/hp.

Nuclear plant requires more space, or a decrease of four

containers, than a conventional plant.

There is no decisive advantage of one (PWR) reactor type

over the other:

a.

For the loop-type plant the reactor vessel is smaller,
lighter (107 ws. 275 tons), and easier to build. Also,
steam generators require less than half the heat transfer
area required for the integral type. However, the loop-
type plant requires more space for the piping.

The integral plant contains S50 percent more primary
coolant so that a larger containrent vessel or a higher
pressure containment vessel is needed.

For the integral plant, circulating pumps at the top of

the pressure vessel tend to raise the center of gravity
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vndesirably and self-pressurization (through a steam

ot

bubble) cannot be used due to inadequate net positive
suction heat at the pumps,

P ’
Wy
Q.

Integral plants will have marginally be:ter performance

since steam pressure is more nearly maintained at the

e
W Sine

turbine throttle during load «ariations.
e. Integral plants may have lower core temperatures during
loss-of-coolant-flow accidents due to the inherent

o

natural circulation within the reactor vessel,

Returning to Table G-2, one must reflect on this very impressive

e

listing of design performance originating almost solely from commercial-

I economic motivatiori,, One could add to the above conclusions the

}' following:

if 1. The GE 630R, the sole design based on a gas-cooled reactor,

* would very likely require a machinery plant that is lighter
i than the pressurized water plants due to the higher tempera-
i ture and pressure of steam used. Recent advances in high-

- temperature ceramics could enhance designs like the 630A.

il 2. The gas-coolzd reactor concep*s cannot be considered to have
the same degree of reliability as pressurized-water plants

é; simply because there is a smaller amount of experience with
them at this time.

i1 3, In military applications, one might expect that more expen-

w sive manufacture could yield levels of performance that are

77 superior to those that are economical for the merchant

. marine., There may be ways to offset collison-protection

e structure by portions of the araor plating provided.

;; 4, The data suggest that the specific weights of nuclear plants
will be substantially less for plants of grec.ter power., By

y choosing a nominal value for the turbines, auxiliaries,

v shafts, ard propellcrs, such as 30 1b/hp, we might project

v total power plant specific weight for each of the commercial

- design concepts.
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Design HP
CNSG 70,000
Unimod 30,000

60,000
Westinghouse 75,000
NERO 22,000
630A 27,300
63,000
126,000

Specific Weight
Total Power Plant
(1b/hp)

69

59
50

73.6
126

64
42.5
36.3

Except for uncertainties such as redundancy, tolerable levels

of shock loading, and maximum core life, it appears that

representative commercial designs show performance that is

comparable to or superior to that inferred for naval nuclear

power plants. This may be discerned somewhat from a plot of

the power plant specific weights versus installed power for

these five concepts and for two representative warships,

as shown in Fig. G.2.
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